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ABSTRACT 
 Cells within the aortic wall are exposed to variable cyclic mechanical stimuli due 
to variability in blood pressure. Vascular smooth muscle cells, which have been shown to 
play an important role in maintaining aortic wall tension and stiffness, respond to 
mechanical stretch by reorganizing their cytoskeletal and contractile elements, which 
requires energy produced by the mitochondria. Mitochondria have also been implicated 
as a sensor in mechanotransduction pathways. We have shown recently that cells 
transduce fluctuations in their mechanical environment by reorganizing their cytoskeletal 
and mitochondrial networks, which can alter energy. Here we hypothesize that 
fluctuations in the mechanical environment regulates cell contractility through 
mitochondrial function. In order to test this hypothesis we first developed a cell stretching 
device that can deliver equi-biaxial stretch during simultaneous live imaging of 
subcellular structures. Cells were seeded on deformable silicone membranes which were 
stretched both monotonously and variably. To test the effect of substrate stiffness on 
mitochondrial function and to measure traction forces a gel with a tunable stiffness was 
added to the silicone membrane. Cells undergoing variable stretch had larger 
  vii 
mitochondrial clusters and higher membrane potential than those undergoing monotonous 
stretch. To confirm the effects of increased mitochondrial membrane potential on 
contractility of vascular smooth muscle, aortic rings from Wistar Kyoto rats were 
stretched with variable and monotonous stretch patterns at physiological levels of 
variability and strain. Variable stretch maintained the contractile force of the vessel, 
while monotonous stretch decreased the force. Inhibition of ATP synthase function 
abated the difference between stretch patterns, implicating the role of the mitochondria 
during fluctuation-driven mechanotransduction. To measure the effects of variable stretch 
on aorta wall mechanics, the storage and loss moduli were computed for each cycle. 
While stretch pattern did not have an effect on vessel stiffness it did have an effect on the 
ratio of force generation to stiffness. Changes in force to stiffening ratio during 
contraction have implications on maintaining aortic wall mechanical homeostasis, 
particularly in diseased states characterized by increases in blood pressure variability 
such as hypertension. 
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CHAPTER 1. Introduction 
1.1 Overview 
 Cells in the respiratory and circulatory systems are exposed to cyclic mechanical 
stimuli as a result of breathing and pulsatile blood flow[1]. Stresses and strains imposed 
at the organ level are transferred via the extracellular matrix (ECM) to adherent cells at 
attachment sites called focal adhesions[2]. Forces acting at the focal adhesion result in 
protein conformational changes, allowing cells to sense their mechanical environment 
through both physical and biochemical signaling pathways[3], [4]. Forces can also be 
transmitted between cells through intercellular connections mediated by cadherins[5]. 
Furthermore, stretch-activated calcium channels can open in response to cellular strain, 
transducing mechanical signals into chemical ones[6]. The pre-stressed cytoskeleton, 
consisting of actin-myosin, microtubules and intermediate filaments, also responds to 
stretch signals. For example, cell traction immediately decreases in response to stretch 
and slowly recovers during processes called fluidization and resolidification, 
respectively[7]. If strains are applied in a particular direction, cells will realign 
perpendicularly so as to achieve minimum strain[8]. On a longer time scale, cells alter 
their mechanical environment by secreting ECM proteins, adjusting the stiffness of their 
surroundings. Mechanical stimuli and responses are critical in cellular behavior such as 
cell contraction, migration, proliferation, stem cell differentiation, and maintenance of the 
ECM[2], [9]–[12]. Thus maintaining mechanical homeostasis is essential to healthy 
cellular function.  
 The driving forces behind mechanical stimuli in the lung and the circulation are 
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controlled by feedback mechanisms, which produce an intrinsic variability in mechanical 
signals[13]. As a result, stresses and strains vary from breath to breath and heartbeat to 
heartbeat in both amplitude and frequency. In the circulatory system, blood pressure 
variability (BPV) results in varying shear and circumferential stresses and strains which 
act on endothelial and smooth muscle cells[9], [14]. Endothelial and smooth muscle cells 
maintain the wall tension homeostasis of blood vessels by interacting and responding to 
changes in blood pressure. While the response of these cells to changes in blood pressure 
has been studied, the response to BPV remains to be explored. Since cells respond to 
stretch, we expect that changes in amplitude and frequency would cause different cellular 
responses through cytoskeletal reorganization. Currently, mechanical stimuli are 
generally studied in terms of mean amplitude and frequency without considering cycle to 
cycle variability. Recent studies, however, have demonstrated that variability in strain, 
while maintaining the same mean strain, can modulate cellular processes such as 
surfactant secretion by type II epithelial cells[15]. Likewise, we have showed that 
fluctuation-driven mechanotransduction mechanisms enhance the microtubule, actin, and 
mitochondrial network complexity resulting in the phosphorylation of myosin light chain 
(MLC), the molecular contractility regulator[16]. Moreover, induced increases in BPV 
cause aortic wall remodeling and has been linked closely to arterial stiffening and 
hypertension[17]–[19].  
 Mechanotransduction is the study of how cells sense mechanical stimuli and 
respond by converting them to biochemical signals that alter cell function. While 
mechanotransduction research has focused on the cytoskeletal response of cells, 
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mechanical signals may have effects on other cellular processes. In particular, 
cytoskeletal reorganization requires energy in the form of ATP, most of which is 
produced in the mitochondria. Mitochondria are connected to and travel along 
microtubules via kinesin and dynein motors and thus have a physical connection to 
external mechanical stimuli[20]. Recent studies at the forefront of mechanotransduction 
have implicated mitochondria as mechanosensitive to cyclic and intermittent stretch, but 
the effects of variable mechanical stimuli, caused by BPV, on mitochondrial network 
structure and energy production are yet to be explored[16], [21]–[23]. Particularly the 
question of how BPV influences VSMC contractility related to mitochondrial ATP 
remains unanswered and is explored in this thesis. 
 
1.2 Specific Aims 
 The overarching hypothesis of this thesis is that physiologically relevant 
fluctuations in cyclic mechanical stimuli are essential to cell function because they 
regulate cytoskeletal and mitochondrial network behavior. In order to address this 
hypothesis the following specific aims were established:  
Specific Aim 1:  To design, build and validate a device for simultaneous cell 
stretching and imaging that can be used to explore physiologically relevant cyclic strains 
and fluctuations in strain. Various cell stretching devices have been developed for 
delivering strain to adherent cells; however, most are incapable of simultaneous high 
resolution imaging and cell stretch. Here we present a device that can be used with both 
upright and inverted microscopes to image subcellular structures during stretch.  
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Specific Aim 2:  To determine the role of the mitochondria as a sensor of the 
mechanical environment, including variable strain and susbstrate stiffness, by imaging 
mitochondrial network function and contractility in cells and tissues, respectively. We 
demonstrate that VSMC contractility is stretch dependent, relying on mitochondrial ATP. 
Furthermore, substrate stiffness only moderately affects mitochondrial membrane 
potential compared to stretch.  
Specific Aim 3:  To validate the findings from Specific Aim 2 by demonstrating 
the effects of variable stretch on smooth muscle force and stiffness in intact aortas. We 
show that changes in energy production at the cell level contribute to the fluctuation-
driven mechanotransduction at the vessel level. Notably physiologically variable stretch 
maintains contractility of the smooth muscle, while the absence of variability decreases 
contractility. Furthermore, the stiffness of the vessel does not change in response to 
variable stretch, but the relationship of force to stiffening of the smooth muscle does, 
which may have important implications for aorta mechanics and blood pressure 
regulation in both healthy and hypertensive cases.  
 
1.3 Structure of Thesis 
This work is organized into six chapters consisting of a background, novel 
experiments and findings, and a conclusion. Chapter 2 provides the relevant background 
in physiology, cell biology and cell and tissue mechanics necessary for an understanding 
of the work undertaken in Chapters 3-5. The design and validation of a novel device for 
simultaneous cell stretching and imaging is described in Chapter 3. In Chapter 4, the 
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device is used to stretch and image vascular smooth muscle cells in order to explore the 
effect of mechanical stimuli on VSMC contractility related to mitochondrial network 
structure and function. Experiments then shift to the tissue level where the effects of 
variable stretch on aortic smooth muscle force and stiffness are explored during 
contraction in Chapter 5. Finally, the results and implications of all the findings are 
summarized and used to propose future work in Chapter 6. The Appendix features related 
work on the effects of variable stretch on mRNA expression of fibroblasts in tissue 
engineered constructs.  
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CHAPTER 2. Background 
2.1 Variable Mechanical Stimuli in Physiology 
Adherent cells in various organ systems interact mechanically with their 
surroundings and are exposed to mechanical stimuli such as compressive, tensile and 
shear stresses[1]. Cells are also sensitive to the stiffness of the extracellular matrix 
(ECM) that surrounds them and can alter their mechanical environments by secreting 
ECM proteins[2], [24]. Stresses and strains imposed at the organ level can be transferred 
to the cells directly, via cell junctions or via the ECM. For example, forces produced by 
cardiac muscle in the heart generate pressure that drives the circulatory system. As 
oxygenated blood is ejected from the left ventricle during systole it stores energy by 
stretching the elastic aorta, which in turn stretches the aortic ECM and the vascular 
smooth muscle cells (VSMCs), fibroblasts, and endothelial cells in the vessel. As blood 
flows through the circulatory system it exerts shear stresses on the endothelial cells that 
line its surface. These mechanical stimuli repeat for each heartbeat making for a dynamic 
mechanical environment[1]. Likewise in the respiratory system, the cyclic contraction of 
the diaphragm and intercostal muscles generates negative pressure necessary for 
breathing, which in turn stretches the airway smooth muscle, fibroblast and epithelial 
cells of the lung[25]. Examples of mechanical stimuli abound in the muscular, skeletal, 
digestive and even urinary systems. Many of the resident cells of these systems are 
sensitive to the mechanical stimuli that they receive, some of which may be essential to 
the cells’ normal function[15].  
Both the respiratory and circulatory systems exhibit intrinsic fluctuations in 
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mechanical signals that are transferred to various mechanosensitive cell types[14], [26]. 
In the respiratory system, variability in tidal volume is one of the main determinants of 
fluctuations in mechanical stimuli. Kuratomi et al. were the first to characterize the 
amount of variability in tidal volume for both healthy and diseased humans[26]. As 
assessed by the coefficient of variation (CV), tidal volume varies by 26% in healthy 
subjects. That value decreases to 17% in cases of restrictive lung disease and can increase 
up to 43% in patients suffering from obstructive lung disease[26]. Airway smooth muscle 
and type II epithelial cells are known to respond to stretch and are hypothesized to 
respond to variations in stretch as well[15], [27]. Analogously, blood pressure variability 
(BPV) and heart rate variability result in varying strain amplitude and frequency in the 
circulatory system. BPV is known to increase during hypertension and can even be an 
independent predictor of cardiovascular events such as stroke[17], [28], [29]. The effect 
of BPV on VSMC cytoskeleton actin and tubulin as well as mitochondrial structure and 
function was explored related to molecular changes of the mitochondria, general signal 
activation and contractile markers[16]. However, the role of BPV in delivering 
pathological levels of mechanical fluctuations to the cells of the circulatory system has 
not yet been studied. In order to begin to explore the effects of variability in stress and 
strain caused by BPV, this thesis focuses on the effects of mechanical fluctuations on the 
VSMC contractility, a cell type that has recently been implicated in aortic stiffness and 
hypertension[30]–[34]. The fluctuations in stress and strain experienced by VSMCs 
depends on many factors, most important of which are BPV and the mechanics of the 
aortic tissue. These topics are discussed in more detail later in the Chapter 2.  
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2.2 Fluctuation-driven Mechanotransduction 
Understanding of physiological fluctuations in mechanical stimuli and harnessing 
them for human benefit originated in the respiratory field with variable ventilation. 
Conventional ventilation uses the weight of the patient to determine a single value for 
tidal volume, which is then repeated for each breath. Unfortunately, mechanical 
ventilation can induce lung injury resulting from over-inflation of the lungs, while low 
end-expiratory pressures can lead to airway and alveolar collapse. Trying to improve 
upon conventional ventilation strategies, a study by Lefevre et al. demonstrated for the 
first time that physiological variability in tidal volume could improve both lung 
mechanics and gas exchange[35]. The concept of variable ventilation was mathematically 
modeled by Suki et al., showing that small changes in tidal volume could in fact produce 
large changes in lung volume due to the nonlinear relationship of pressure and volume in 
the lungs[36]. This model was tested experimentally in both guinea pig and mouse 
models, showing increased gas exchange, improved lung mechanics and most 
interestingly an increase in surfactant secretion[37]–[39]. While increased gas exchange 
and improved lung mechanics could be explained by increased alveolar recruitment, the 
increase in surfactant secretion could only be explained by mechanotransduction of the 
fluctuations to alveolar type II epithelial cells, the only cells responsible for surfactant 
secretion. Indeed, subsequent studies by Arold et al. showed that isolated alveolar type II 
epithelial cells responded to variability in substrate strain by secreting more 
surfactant[15]. Furthermore, maximum surfactant secretion occurred at an optimum level 
of variability in strain. This evidence suggests fluctuations in tidal volume propagate to 
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the cellular level and influence processes essential to the function of the organ as a whole. 
Since fluctuations are universally present in mechanical stimuli, they may be necessary 
for normal function of certain cell types such as alveolar type II epithelial cells.  
 Considering that fluctuation-driven mechanotransduction (FDM) can have 
significant effects on whole organ function in the lung, this thesis seeks to extend this 
concept to the circulatory system and VSMC contractility in particular[40]. The source 
and magnitude of mechanical fluctuations are discussed in the sections below, followed 
by the potential cellular mechanisms that could transduce global fluctuations into 
mechanical and biochemical cellular responses.  
 
2.3 Blood Pressure Variability 
Blood pressure (BP) is regulated by multiple humoral, neural and environmental 
factors[41], [42]. The interaction of multiple feedback mechanisms, such as the 
baroreceptor reflex and the renin-angiotensin system, in a noisy environment produces 
BPV on different time scales[13]. BPV has been measured at time scales ranging from 
beat-to-beat, day-to-day and year-to-year variability[14], [43]. BPV does not directly 
translate to stress and strain variability at the level of VSMCs because those factors 
depend on the global and local mechanical properties of the aorta, discussed in the next 
section. VSMCs in the aorta can also change the vessel’s mechanical properties further 
complicating the issue[33], [44], [45]. Nevertheless, BPV is a driving force of 
fluctuations in cyclic mechanical stimuli and its effects are most apparent in cases of 
disease such as hypertension in which BPV increases.  
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As a first foray into the field of fluctuation-driven mechanotransduction in the 
circulatory system, this thesis focuses on short-term experiments which can only capture 
the beat-to-beat BPV, though longer time scales should be explored (Figure 2-1). 
Furthermore, this thesis mostly explores the effects of physiological levels of variability 
and the absence of variability in strain, without exploring pathological levels of 
variability seen in hypertension. Variability in systolic BP has been identified as a 
predictor of stroke independent of mean systolic BP[17], [46]. Increased BPV has also 
been correlated with aortic stiffness and target-organ damage, showing a potential link 
between the stresses imposed on the aorta and its mechanical properties[43]. Experiments 
in rats that underwent sinoaortic denervation (SAD) confirm that BPV induces 
mechanotransduction by VSMCs. SAD eliminates the feedback of the arterial 
baroreceptor reflex, leading to an increase in BPV with only a transient increase in BP. 
Increased BPV as a result of SAD leads to aortic hypertrophy as a result of wall 
remodeling by VSMCs[18], [19]. Thus the long-term effects of BPV are evident, but the 
short-term effects on VSMC function have yet to be studied.  
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Figure 2-1. Blood pressure variability on different time scales. 
Blood pressure variability is affected by many factors over a time scale ranging from 
beat-to-beat to yearly physical exams[47]. 
 
2.4 Aorta Mechanics 
 The mechanical deformation of the aorta depends on the material properties of its 
constituent parts, both active and passive. The aorta is considered an elastic vessel rather 
than a muscular one because it contains multiple layers of elastic laminae[48]. 
Structurally, the aorta consists of three layers called the intima, the media and the 
adventitia (Figure 2-2).  
  
12 
 
Figure 2-2. Architecture of the aortic wall. 
The aortic wall consists of three layers called the intima, media and adventitia. Smooth 
muscle cells are concentrically arranged in the medial layer[48].  
 
The intima is the innermost layer, which is consists of a single layer of endothelial cells 
on a basal lamina. The intima is too thin to contribute to the mechanical properties of the 
aorta; however, it plays an essential role in regulating aortic stiffness by signaling to the 
VSMCs in the medial layer[49]. The media is the thickest layer of the aorta and is made 
up of the extracellular-matrix (ECM) and VSMCs. The major ECM proteins that 
contribute to the mechanical properties of the aorta are collagen and elastin. These 
proteins form concentric elastic laminae, which form the framework in which VSMCs 
live. VSMCs can also contribute to aortic stiffness by contracting. Endothelial cells form 
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the intima sense shear stress and signal via nitric oxide (NO) secretion to the VSMCs to 
contract or relax in order to achieve a desired level of shear stress. Thus the media is the 
biggest determinant of both passive and active mechanical properties of the aorta. Finally, 
the adventitia is the outermost layer consisting of collagenous fibrils populated by 
fibroblasts. The highly-nonlinear stiffness of the collagenous fibrils serves to limit the 
distension of the aorta. As the aorta approaches high strains the stiffness of the adventitia 
grows rapidly, potentially protecting the aorta from higher strains[48].  
 Until recently, the ECM was considered to be the main determinant of aortic 
stiffness and VSMC contraction was thought to act only temporarily. New studies have 
showed, however, that VSMCs can substantially contribute to the stiffness of the 
aorta[31], [33]. Gao et al. described an additive model by which the passive and active 
components of the aorta can be isolated. The passive component can be attributed to the 
ECM while the active could only belong to the cell. Through contraction via 
norepinephrine and NO inhibition, they demonstrated that VSMCs can increase aortic 
stiffness by a factor of two[33]. The aorta is known to remodel in cases of disease such as 
hypertension by depositing more ECM to increase the stiffness. This processes, however, 
occurs over a time scale of days to weeks, whereas VSMCs can react almost 
immediately. Sehgel et al. demonstrated via tissue measurements and atomic force 
microscopy that VSMCs become stiffer during hypertension in spontaneously 
hypertensive rats (SHR)[31], [32]. Likewise, VSMCs were shown to respond during the 
acute phase of hypertension by contracting to alter the stiffness of the aorta. By 
contracting, VSMCs shift the pressure-radius curve of the aorta at high strains in order to 
  
14 
increase the compliance at high pressures, therefore improving the function of the aorta 
faster than ECM remodeling could take place[44], [45]. As explored in Chapter 5, 
physiological levels of fluctuation in mechanical stimuli have an effect on VSMC 
contraction and stiffness, which could have implications for both normal and diseased 
states.  
 
2.5 Vascular Smooth Muscle Tissue and Cell Mechanics 
 VSMCs can contribute to aortic wall stiffness in three ways: by contraction, by 
ECM synthesis and through the cell’s own stiffness[32], [34]. ECM synthesis occurs over 
a time scale of days to weeks, while the effects of VSMC contraction are almost 
immediate at a time scale of seconds to minutes[33], [45]. Likewise, smooth muscle 
contributions to stress and stiffness can be separated into passive and active components. 
The passive component of smooth muscle stress increases with strain, while the active 
component is length dependent[50], [51]. The maximum of the active component occurs 
at an optimal length, which depends on the cytoskeletal arrangement of VSMC. 
Furthermore, smooth muscle displays length-adaptive properties, which allow it to 
generate large forces over a broader range of muscle length[52], [53]. These processes 
are driven by the actin-myosin interactions of the cytoskeleton and its rearrangement 
during length adaptation.  
 Unlike skeletal muscle cells, VSMCs lack an organized sarcomeric structure. 
Instead, the contractile apparatus of VSMCs consists of a network of actin thin filaments 
connected by myosin thick filaments, which connect to the membrane of the cell at dense 
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bodies[51]. Dense bodies consist of trans-membrane integrins and proteins such as talin, 
vinculin and α-actinin that stabilize the focal adhesion. Thus stresses and strains imposed 
on organs can be transmitted to cells and their cytoskeleton via the ECM at the sites of 
focal adhesions[3], [4]. Adherent cells are known to respond to mechanical transient 
stretch: first by lowering their stiffness and traction force and then by recovering baseline 
values as the cytoskeleton reorganizes[7], [8]. Cells are also known to reorient 
perpendicularly to the direction of strain so as to minimize the effects of stretch[54]. Both 
cytoskeletal reorganization and VSMC contraction consume energy in the form of ATP 
in order to generate forces in the actin-myosin filaments. The source of most of the 
energy consumed comes from the mitochondria, which is discussed in the following 
section.  
 
2.6 Substrate Stiffness and Traction Force Microscopy 
 Cell function also depends on the mechanical environment surrounding it, namely 
the stiffness of the underlying substrate. Substrate stiffness is known to affect 
cytoskeletal arrangement, cell stiffness, cell migration and stem cell differentiation[10], 
[24]. A recent study by Steucke et al. showed that the contractility of VSMCs also 
depends on substrate stiffness with cells generating higher basal and induced tractions on 
stiffer substrates[55]. VSMCs also remodel the ECM around them in order to maintain 
wall tension as observed in the thickening of the aortic wall during hypertension[2]. The 
effects of varying substrate stiffness on VSMC function are explored in Chapter 4.  
 As mentioned in the previous section, adherent cells exert forces on their 
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surrounding environment which decrease in response to stretch[7]. Cells at equilibrium 
contract their cytoskeletal network and exert traction forces on the surrounding substrate 
through integrins, causing the substrate to deform. A technique called traction force 
microscopy (TFM) can be used to measure the deformation of an underlying soft 
substrate in cell culture, from which traction forces can be calculated[56], [57]. Different 
methods for TFM include the use thin film buckling, pillar arrays and fluorescent stress 
sensors; however, the most common technique measures the displacement of beads 
embedded near the surface of a thick gel[57]. The beads serve as fiducial markers that are 
used to measure displacement fields generated by cell contraction and are compared to 
the image of the gel after cell removal at the end of the experiment. Equations from 
elastic theory are solved via Fourier transforms to calculate tractions from measured 
displacement fields and known mechanical properties of the substrate[56], [58]. Such a 
technique was improved upon for cyclic stretch experiments in Chapter 4 by applying a 
new soft gel with different mechanical properties from standard gels.  
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Figure 2-3. Traction force microscopy schematic. 
Cell tractions are measured using a soft substrate coated with beads. Bead displacements 
are measured and converted to traction forces using Fourier transform traction force 
microscopy, though many other techniques exist[56]. 
 
2.7 Mitochondrial Structure and Function 
Mitochondria are double membrane organelles responsible for energy production 
via aerobic respiration, a process that is fifteen times more efficient than glycolysis.  
Mitochondrial structure consists of the outer membrane, inner membrane, the 
intermembrane space and the matrix.  The outer membrane contains porin molecules that 
make it permeable to molecules up to 5000 daltons [59], [60].  The intermembrane space 
is therefore similar to the cytosol with respect to small molecules.  The inner membrane, 
however, is selectively permeable to molecules necessary for aerobic respiration.  The 
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matrix is the site of the citric acid cycle which takes acetyl CoA, which is generated from 
pyruvate or fatty acids, and produces high energy electrons carried by NADH and 
FADH2 molecules.  The enzymes of the respiratory chain are embedded in the inner 
membrane, which has many convoluted folds that increase its surface area.  The high 
energy electrons combine with O2 through many small steps to generate energy in the 
form of ATP, a process called oxidative phosphorylation.  Two electrons from NADH are 
transported to the first electron carrier of the respiratory chain, which can be grouped into 
three large respiratory enzyme complexes.  As the electrons are transported down the 
chain their energy is used to power the three H
+
 pumps, which transport protons from the 
matrix to the intermembrane space.  Finally the electrons are transferred to oxygen, 
which then reacts with two hydrogen ions to form water.  The net result of this proton 
pumping is a pH and voltage gradient which exerts a proton-motive force.  The enzyme 
ATP synthase provides a hydrophilic pathway across the inner membrane to allow 
protons to travel down their electrochemical gradient.  As the protons cross the inner 
membrane, ATP synthase harnesses this energy and binds ADP to inorganic phosphate to 
create ATP.  This process generates fifteen times the amount of ATP compared to 
glycolysis [59].   
Individual mitochondria are able to fuse together and form a network within the 
cell.  The mitochondrial network is very dynamic constantly undergoing fission and 
fusion events.  Fusion of mitochondria forms elongated tubules and an interconnected 
network, while fission fragments the network, reducing connections and mitochondria 
size[59]–[61]. In mammalian cells there are four key proteins responsible for fission and 
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fusion. Dynamin-related protein 1 (Drp1) is a cytosolic protein that can cycle on and off 
the mitochondrial membrane.  These proteins assemble into multimeric spirals, which 
constricts via enzymatic activity[62].  This constriction severs the inner and outer 
membranes of the mitochondrion, producing two daughter mitochondria.  Mitofusin 1 
and 2 (Mfn1 and Mfn2) and the optic atrophy 1 (Opa1) proteins are essential for fusion, 
but less is known about the mechanism by which they function[63], [64].   
Mitochondrial fusion machinery is essential for life as demonstrated by Chen et 
al. in showing that mice lacking this machinery are embryonic lethal[65].  Furthermore, 
neurological and vascular diseases have been implicated in mutations in fission and 
fusion proteins.  Apoptosis is associated with increased mitochondrial fission involving 
Drp1 binding at fission sites and the release of cytochrome c [66], [67].  However, 
preventing fission after apoptotic stimuli can prolong the life of the cell [68], [69].  
Fusion has also been implicated in cell cycle progression and senescence [70], [71].   
Mitochondria go through cycles of fission and fusion and have solitary and 
network stages [72].  Fission and fusion rates have been measured in various cell types.  
Mitochondrial motility has also been implicated in fusion dynamics and is important to 
network morphology [73].  Furthermore, mitochondria have been show to follow 
Brownian motion for the most part, but also exhibit bursts of directed motion [74].  For 
example, in neurons mitochondria move along microtubules using ATP-dependent motor 
proteins kinesin and dynein [20], [75].  At high calcium levels, kinesin can dissociate 
from mitochondria causing them to be stationary [76].  Another cytoskeletal protein, 
actin, has been shown to participate in mitochondrial fusion by polymerizing at 
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mitochondria and ER interaction sites.  Here inverted formin 2-induced actin filaments 
appear to accumulate and constrict the mitochondria initially before further constriction 
by Drp1 can occur [77]. 
The role of the mitochondria is not well known during stretch but studies have 
noted changes in reactive oxygen species (ROS) production in epithelial and bone cells 
during cyclic stretch[21], [23]. Changes in mitochondrial network alignment have also 
been characterized in the presence of supra-physiological strains[78]. We recently found 
that FDM protects VSMC by producing low ROS levels, potentially due to optimal 
network organization of mitochondria[16]. 
 
2.8 Cell and Tissue Strain Devices 
As mentioned, mechanical stimuli such as tension, compression, shear and 
hydrostatic pressure are present in a multitude of living tissues. As such, researchers have 
developed devices to simulate the mechanical forces in both cell and tissue culture in 
vitro[79]. The main stresses exerted on the aorta are circumferential tension and shear 
stress on the inner wall[1]. Often an experimental setup is designed to simulate only one 
type of stress because recreating the full range of stresses in the aorta becomes 
increasingly complicated[33], [44], [80]. Thus compressive and longitudinal stresses are 
often ignored and systems are designed to study either the effects of circumferential 
stretch or shear flow. Shear stresses are significantly lower than circumferential stresses 
and act mainly on the endothelial cell layer instead of the smooth muscle layer[81]. Thus 
the effects of flow are overlooked in the experimental setups used in this dissertation.  
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In vitro systems for circumferential stretch of intact aortas generally exist in two 
varieties: pressurized systems and uniaxial stretch systems[33], [44], [80]. Pressurized 
systems use either air or media to deliver known pressures and a thin or thick wall 
cylinder assumption to calculate stresses. External diameter is generally measured via a 
video system in order to calculate strains. On the other hand, uniaxial stretch systems use 
excised aortic strips or rings, which are attached or hooked respectively, to a strain 
system and a force transducer[33]. Using rings, the inner diameter can be measured 
accurately at the start of the experiment so that appropriate strains can be applied. Stress 
and stiffness are measured after acquiring cross-sectional area of the aortic wall. Such a 
system was chosen for the experiments presented in Chapter 5 because of its accuracy in 
strain, ease of use and straightforward calculation of stiffness without thick wall cylinder 
assumptions.  
Applying strain to cells in culture is generally accomplished by applying uniaxial 
or biaxial tension to an underlying membrane on which the cells are grown. Tension can 
be applied to the membrane by pulling or indenting with an actuator or applying a 
vacuum (Figure 2-3). Vacuum-driven commercial systems, such as the Flexercell FX-
4000, are designed as multi-well systems and thus are too large for simultaneous imaging 
and stretching under a microscope. Furthermore, vacuum-driven stages designed 
specifically for imaging suffer from a moving focal plane. Custom devices for imaging 
have been built by researchers but lack the ability to deliver variably cyclic strains or can 
only be used with inverted microscopes[82]–[84].  
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Figure 2-4. Equi-biaxial strain delivery approaches. 
Two main strategies for applying equi-biaxial strain to cultured cells involve indentation 
(a) and vacuum-driven membrane displacement (b). Adapted from Ref. [79]. 
 
The development of a custom stretching apparatus that can accommodate both 
inverted and upright microscopes and provide physiologically varying strain patterns is 
detailed in Chapter 3. In order to fully control the mechanical environment and measure 
cell traction, a gel with a tunable stiffness is added to the membrane for experiments in 
Chapter 4. Cell stretch on a polyacrylamide gel has been accomplished by others, but the 
fragile nature of the gel prevents its use in repeated cyclic stretches at strains higher than 
20%. Thus a new type of gel, NuSil, was chosen for its resistance to cracking at high 
strains. 
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CHAPTER 3. Design of a Novel Equi-biaxial Stretcher for Live Cellular and 
Subcellular Imaging 
3.1 Introduction 
The mechanical environment of cells in vivo has been shown to influence normal 
cell function and has been implicated in a wide variety of diseases[5], [16], [85]. Cells are 
known to convert mechanical stimuli into biochemical responses, which are important for 
cell behavior and development[5]. In particular, stretch plays an essential role in vivo, as 
seen in lung and cardiac development and surfactant secretion[5], [15], [86]. In vitro 
studies have shown that cell shape and orientation, dictated by the underlying 
cytoskeletal structure, is also influenced by stretch[87]. Likewise, calcium concentration 
within the cell responds to stretch, possibly through stretch-sensitive ion channels[88]–
[90]. Thus, the effects of stretch are seen at time scales ranging from seconds to days, 
some of which are difficult to observe in real time.  
Several types of mechanical stimuli are observed in vivo including tension, 
compression, shear and hydrostatic pressure, with some cells experiencing multiple 
stimuli simultaneously. In order to study the effects of such mechanical stimuli 
researchers have developed devices to deliver the appropriate type of mechanical stimuli 
in the appropriate dimensions[79]. For example, devices that deliver either uniaxial or 
biaxial stretch to cells by applying tension to an underlying membrane have been 
characterized in the literature[82], [83], [91]. The respiratory and cardiovascular systems 
are prime examples of cells experiencing cyclic stretch, which can be replicated by these 
devices. In particular, epithelial cells in lung alveoli and endothelial cells in large arteries 
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experience stretch that can be well approximated with biaxial or equi-biaxial strains. 
Equi-biaxial cell stretching devices use either a vacuum driven system, such as the 
Flexercell FX-4000 Tension Plus System, or a motor driven indenter system to stretch 
silicone membranes[82], [83]. These systems, however, either lack the ability to deliver 
cycle to cycle variability in stretch amplitude and frequency that is characteristic of blood 
pressure- and respiration-driven stretch in vivo or do not offer simultaneous imaging 
capability. Recently, a device using a moving magnet linear actuator was shown to 
deliver strains of arbitrary waveforms[92]. All three systems, however, were designed as 
large multi-well systems in order to stretch large numbers of cells at a time for 
biochemical analysis. While imaging can be performed on these multi-well systems, it 
requires either fixation of cells or for the samples to be taken out of the device.  
A device which can simultaneously stretch and image cells would be beneficial in 
observing changes in intracellular structures due to stretch at shorter time scales 
concurrent with mechanical stimulation. Such a device would have to overcome several 
constraints such as size and specific design for use on a microscope stage. Likewise, high 
magnification objectives have small working distances, which constrain the dimensions 
of the device and site of cells within it. Upright and inverted microscopes image the cells 
from different sides, which may require a versatile design for an indenter system. In order 
to image cells the most important design consideration is to maintain cells in the field of 
view and in focus, which is complicated by the simultaneous stretching imposed by the 
device. Some cell stretching devices have been designed for use during microscopic 
observation but cannot deliver cyclic strain or are limited to uniaxial stretch[91]. A cyclic 
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biaxial stretcher that allows microscopic observation does exist; however, it is limited to 
area strains up to ~30% and is configured for use with only inverted microscopes[93]. 
Furthermore, all of these devices use a lubricant to decrease friction between the 
membrane and an indenter, a technique that may decrease repeatability and accuracy.  
 Here we report the design and characterization of a device that can apply 
precision-controlled equi-biaxial stretch to cells while simultaneously allowing live 
imaging of subcellular structures. To this end, we have designed, built and tested a single 
well device that deforms a membrane, on which cells are grown, via an indenter 
comprised of sixteen ball bearings that reduce friction. The device can be used 
simultaneously with both upright and inverted microscopes during stretching to image 
subcellular structures on time scales ranging from seconds to many hours. Furthermore 
the device can deliver precise changes in surface area with arbitrary waveforms and cycle 
to cycle variability due to the reproducible movement of the membrane over the ball 
bearings. Using this device, we present examples of fluorescence microscopy to observe 
the effects of stretch on intracellular calcium levels and cellular structures such as the 
mitochondrial network.  
 
3.2 Methods 
3.2.1 Design of Cell Stretching Device 
A mechanical cell stretching device was developed to deliver biaxial strain while 
simultaneously imaging live cells (Figure 3-1A). The device delivers stretch to cells by 
deforming an optically clear elastic membrane, on which cells are seeded, over a post. 
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The compact size and unique design of this device, however, allows it to be placed on a 
microscope stage to perform live cell imaging. Cells are cultured in a custom well 
comprised of stainless steel rings with a 0.127 mm thin silicone membrane bottom 
(Specialty Manufacturing Inc., Saginaw, MI). An insert limits the growing area for the 
cells to a circle of 10 cm
2
 at the center of the membrane. Three set screws secure the cell 
culture well to a traveling stage, which is actuated using a stepper motor linear actuator 
(Haydon Kerk, Waterbury, CT). The silicone membrane comes in contact with the 
cylindrical indenter post located directly above the cell culture well. The indenter post 
consists of sixteen stainless steel ball bearings (McMaster-Carr, Elmhurst, IL) that 
minimize friction between the silicone membrane and the indenter, allowing for nearly 
frictionless sliding of the membrane around the indenter post and smooth deformation of 
the membrane. By controlling the vertical displacement of the traveling stage, biaxial 
deformation can be applied to the adherent cells. The temperature control system was 
adapted from an earlier open-dish incubator design, consisting of a temperature 
controller, thermocouple and the heating elements attached directly to the indenter[94].  
Vertical displacement of the traveling stage is computer controlled via the 
movement of the stepper motor linear actuator. A custom Labview program was written 
to generate the appropriate step and direction pulses, which are output via a NI DAQ 
USB6221 (National Instruments, Austin, TX) to a stepper motor driver. After calibration 
of the device, arbitrary waveforms of varying amplitude (surface area strain) and 
frequency can be applied to the cells by controlling the traveling stage position. Imaging 
of the cells can be performed using both an inverted microscope, by imaging through the 
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thin and transparent silicone membrane, or by an upright microscope, using a water-
immersion lens (Figure 3-1B). The membrane remains in the same plane with minimal 
vertical displacement during stretching, fulfilling the primary design consideration. Thus 
live cells can be imaged during incremental changes in surface area.  
 
3.2.2 Calibration of the Device 
 To determine the relationship between the vertical displacement of the stage 
(indenter depth) and the change in surface area (ΔSA) of the membrane, we tracked the 
expansion and relaxation of a predetermined demarcated region on the membrane during 
quasi-static stretch. A circular region was defined in the center of the membrane using 
acrylic paint (Pēbēo, Cedex, France) to mark sixteen dots enclosing a circle with diameter 
27 mm. To simulate the weight of media necessary for cell experiments, 10 mL of ddH2O 
was added to the membrane well. The acrylic dots were then imaged continuously during 
quasi-static stretch as the depth of the indenter was increased from 0 to 20 mm with short 
pauses at depth increments of 2 mm.  Zero depth was defined as the point of first contact 
between the membrane and ball bearings of the indenter, where a spacer between the 
travelling stage and base was used to establish a datum point for all subsequent 
experiments. Custom image processing software (MATLAB, Mathworks, Natick, MA) 
was developed to segment the acrylic dots from the video recording and then track the 
change in area of the circular region they enclosed.  The ΔSA was thus defined as the 
percent area change of the region at each incremental indenter depth. To determine 
whether the calibration changed over time, each membrane was stretched a total of 12 
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cycles with recordings acquired during cycle=1, 2, 3, 6, 12. This was repeated for n=3 
different membranes such that the final calibration was determined by their average. 
Given this relationship between indenter depth and ΔSA, arbitrary strain waveforms 
could be generated with cycle-to-cycle variations. 
To characterize the frequency response of the device, sinusoidal waveforms were 
generated according to the previously established calibration curve and used to stretch 
membranes at several frequencies and strain amplitudes. A circular region was again 
defined on the membrane using the acrylic dots that were tracked using the imaging 
software as before. Frequencies were logarithmically distributed over two decades 
between 0.01 and 1.00 Hz with area strain amplitudes of either 20% or 40% peak strain.  
Each membrane (n = 3) was stretched for 10 complete sinusoids for each frequency and 
amplitude. Separate quasi-static stretch calibrations, as described above, were performed 
before and after sinusoidal stretching to confirm that deformation of the membrane did 
not occur subsequent to repeated stretching. 
To confirm that the strain applied at the length scale of the entire membrane well 
(i.e., macrostrain) was accurately translated to the strain experienced at the length scale of 
individual cells (i.e., microstrain), the membrane was first coated using Nile Red 
fluorescent high intensity beads (Spherotech, Lake Forest, IL) with diameters of 2.27 and 
5.1 µm. Using the previously established ΔSA-indenter depth relationship, a prescribed 
macrostrain increasing from 0 to 40% strain was applied to the entire membrane while 
images of the beads were acquired during static stretch at increasing intervals of either 
2.5% or 5% strain using a Nikon Eclipse 50i fluorescence microscope with a Nikon Fluor 
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60X water immersion objective. From these images, some of the 2.27 µm beads were 
selected to be the vertices of a polygon and tracked at each strain level such that the ΔSA 
of the defined polygon was used to compute the local micro strain. This procedure was 
then repeated at 9 different locations from 2 separate membranes to compare the 
measured micro strain to the prescribed macrostrain. 
Finally, to verify that the biaxial stretch was uniform across the entire seeding 
area, a square consisting of 13 dots was marked on the silicone membrane. The 
membrane area strain was recorded at increasing levels of indenter depth. The centroid of 
each dot was determined and used to construct a triangular mesh between the dots. The 
change in area of each triangle was measured and compared to the prescribed change in 
area. 
 
3.2.3 Cell Culture and Live Cell Imaging 
 To demonstrate cell adherence and viability in the custom wells, primary bovine 
lung fibroblasts were cultured on the silicone membranes at the first passage. Primary 
lung fibroblasts were isolated according to the explant isolation technique [95] from 
bovine lungs supplied by Research 87 (Boylston, MA). Briefly, a sample of the lung was 
dissected and the pleura were removed along with any large airways. The parenchyma 
was cut into small pieces and placed into a flask with Dulbecco’s Modified Eagle 
Medium (DMEM) (Life Technologies) supplemented with 10% fetal bovine serum (Life 
Technologies), 0.1 µg/ml primocin (Invivogen), 10 ml/l penicillin-streptomycin (Sigma-
Aldrich), 2.5 µg/ml fungizone (Life Technologies). Explants were removed following 
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cell outgrowth a week after isolation. The silicone membrane wells were assembled and 
sterilized using alcohol and UV light exposure for 24 h. Prior to cell seeding, the 
membrane was coated to an area of 10 cm
2
 in the middle of the well using 25 µg/ml 
bovine fibronectin (Sigma-Aldrich). Cells were seeded on the membrane at a density of 
2x10
5
 cells/cm
2
 inside an insert of area 10 cm
2
 and cultured in supplemented DMEM 
described above. After adhering, cells were incubated with fluorescent dyes that stained 
the cytosol, the mitochondria, or intracellular calcium as examples of live cell imaging. 
The cell cytosol was stained using 5 µM CellTracker Green (Life Technologies), 
incubating for 45 min and washing before imaging. Similarly, tetramethylrhodamine 
methyl ester (TMRM) (Life Technologies) was used to stain active mitochondria with 
300 nM concentration and incubation for 45 min. Individual cells were tracked and 
images were taken using a Nikon Eclipse 50i widefield microscope with a Nikon Fluor 
60X water immersion objective (NA = 1.0) as area strain was increased from zero to 
40%. This imaging setup had a lateral resolution of 0.285 µm and a field of depth of 750 
nm approximately. Calcium imaging was performed using the Fluo-4 Direct Assay Kit 
(Life Technologies) according to the manufacturer’s specifications. The appropriate 
working solution was prepared and cells were incubated for one hour at 37°C before 
imaging. Cells were imaged using an Olympus IX81 widefield microscope with an 
Olympus LUCPlanFL N 20X objective (NA = 0.45) and 494 nm and 515 nm excitation 
and emission filters for Fluo-4, respectively. This imaging setup had a lateral resolution 
of 570 nm and a field of depth of 2.5 µm approximately. Cells were first imaged for 10 
min with no stimulus to determine a baseline of the calcium signal, followed by a single 
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sinusoidal stretch of either 3% or 10% area strain lasting 6 s. Cells were then imaged for 
10 min to observe transient calcium changes. A subset of experiments was extended to 
include a 5 min cyclic sinusoidal stretch at 10% area strain. To test the cell viability and 
the response of the calcium signal to an inhibitor, the L-type calcium channel blocker 
verapamil, which may also affect the mechanosensitive calcium channels, was used after 
the baseline imaging and was followed by a single stretch and a 5 min cyclic stretch 
period with 10 min of imaging between each stimulus. To test the ability of our system to 
study long-term effects of stretch, calcium imaging was also performed using Fura2AM 
(Life Technologies) ratiometric dye using excitation filters at 340 and 380 nm and an 
emission filter 515 nm. Cells were incubated with 5 µM of Fura2AM for 45 min at 37°C 
followed by 30 min at room temperature. Cells were then washed with fresh media and 
2.5 mM of probenecid was added to prevent sequestration of Fura2AM. Cells were then 
stretched for 60 min at 10 cycles per minute, mimicking bovine breathing frequency, up 
to 10% area strain while images of the same field of view were acquired at the 0, 5, 20 
and 60 min time points. Ratiometric images were obtained by dividing the 340 nm 
excitation images by the corresponding 380 nm images for each cell.  
 
3.2.4 Statistical Analysis 
Data are presented as mean ± standard deviation for each group. Data were 
analyzed using one-way ANOVA and differences between groups were considered 
statistically different for p < 0.05. 
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3.3 Results 
3.3.1 Device Characterization  
Figure 3-2A shows the nonlinear relationship between indenter depth and ΔSA 
measured at 2 mm increments from 0 to 20 mm of indenter depth. Data points represent 
the average of three separate calibrations with different membranes. Standard deviations 
were too small to be plotted, with the largest standard deviation being 1.3%. The 
unloading curve was also measured with a hysteresis between loading and unloading of 
only 2.9% (not shown). These data demonstrate that the system is capable of 
reproducibly delivering strains of up to 80% across several cycles for a single membrane 
as well as between different calibrations.  Given this relationship between indenter depth 
and ΔSA, it is possible to generate stretch waveforms with prescribed strain amplitudes. 
For example, the prescribed and observed waveforms for a sinusoid with frequency 
0.0464 Hz and strain amplitude 20% strain are shown in Figure 3-2B. The prescribed and 
delivered waveforms were nearly identical in shape, amplitude and frequency 
demonstrating the ability of the device to reproduce an arbitrary area strain waveform. A 
similar behavior was observed across several frequencies and strain amplitudes. Figure 3-
2C shows that the device has a flat frequency response over the range of 0.01 to 1.00 Hz 
at both 20% and 40% area strain. 
We also demonstrated that the micro strain measured at the length scale of 
individual cells matched the prescribed macrostrain applied at the length scale of the 
entire membrane.  The local micro strain was measured by imaging beads (Figure 3-2D, 
left) that were used to define the vertices of a polygon (Figure 3-2D, right) at baseline 
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(green) and after a prescribed macrostrain was applied (magenta). The mean and standard 
deviation of the micro strain sampled at 9 different locations from two separate 
membranes are compared to the prescribed macrostrain in Figure 3-2E, and observed to 
closely follow the line of identity. The maximum standard deviation in microstrain for 
any prescribed macrostrain was found to be 0.75%. 
Figure 3-3 shows the regional ΔSA of individual triangles, ranging from 0% strain 
(blue) to 45% (red). As shown, the ΔSA of individual triangles are all within 2.3% area 
strain, which may be within the error of measurement. Thus the device delivers uniform 
and repeatable equi-biaxial strain to the membrane.  
 
3.3.2 Cell Deformation 
Bovine fibroblasts grown on fibronectin coated silicone membranes were 
observed under the microscope for two hours within the device and showed normal 
morphology and no change in cell viability. Thus, the temperature control system and 
HEPES buffered media were sufficient for observing cells during longer-term 
experiments. Imaging sometimes required minor refocusing because the silicone 
membrane would shift up and down relative to the objective as the membrane was 
stretched to higher area strains. This is due to the added tension in the silicone membrane 
and the weight of the media being shifted around at different strains.  
Figure 3-4A shows an example of a manually segmented cell at increasing levels 
of area strain. Cells were labeled with CellTracker Green to delineate the area of the 
cells. The mean and standard deviation of change in cell area at various levels of 
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membrane strain was quantified in 8 cells. In addition, cell areas were approximated as an 
ellipse, and strains of the major and minor axes were also measured (Figure 3-4B). The 
measured change in cell area increases linearly and is within one standard deviation of 
the prescribed area strain; however, the measured cell strain is consistently lower than the 
prescribed change in membrane area. Figure 3-5A shows a cell with labeled nucleus, 
cytosol and mitochondria imaged at 0% strain and 14% strain. Figure 3-5B exemplifies 
how the mitochondrial network stretches in a bovine fibroblast captured with a 60X 
objective at 0, 7, 14, and 30% strain. The top row shows the network of the entire cell 
deforming during stretch, while the bottom row shows a detail of individual clusters 
within the cell. A cluster can be seen changing shape as higher strains are applied (green 
arrow), while another cluster may undergo stretch-induced fission by splitting into two 
smaller clusters (red arrow). 
 
3.3.3 Calcium Imaging 
 Figure 3-6A shows the mean intensity of Fluo4 calcium indicator dye for cells 
stretched to 3% (n = 44) and 10% (n = 77) membrane area strain. Following a single 
stretch to 10% ΔSA, large transient increases in signal intensity with respect to baseline 
were observed within individual cells. Cells stretched to 3% membrane area strain 
showed smaller increases, with peak relative cell fluorescence significantly greater for 
10% membrane area strain than for 3% membrane area strain (p < 0.001) (Figure 3-6B). 
Of note, some cells demonstrated immediate responses to stretch, while others exhibited a 
delay in response of up to 10 s. Cells stretched cyclically at 10% area strain for 5 min (n 
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= 45) showed a higher increase in fluorescence relative to baseline after the stretch (35% 
± 21%) versus those treated with verapamil (17% ± 7%) (n = 49) at the outset of the 
experiment (p<0.001) (data not shown). Interestingly, there was no difference in response 
immediately after the cessation of cyclic stretch; instead, there was a delayed response of 
the cells after cyclic stretch. Likewise Figure 3-7A shows the ratio of Fura2AM 
fluorescence at 340 and 380 nm excitation wavelengths for 11 cells stretched 
continuously with a cyclic sinusoidal waveform of maximum 10% area strain. Relative to 
baseline levels, the ratio levels increased at 20 min (p < 0.01) and at 60 min (p<0.001) 
(Figure 3-7B).  
 
3.4 Discussion 
3.4.1 Device Characteristics 
The device presented was designed to deliver equi-biaxial stretch while 
simultaneously imaging live cells. Most current devices are not designed for live 
imaging, thus researchers often fix cells in order to visualize them, which can introduce 
artifacts and prohibit studying dynamics. Our novel design includes several important 
features that have not yet been combined in previous biaxial stretchers including: a) the 
ability to cyclically stretch cell substratum with programmable, cyclic or arbitrary 
waveforms that can vary from cycle to cycle; b) a highly accurate and repeatable ΔSA at 
the scale of single cells and at all levels of applied strain as detailed by the calibration; c) 
the ability to deliver physiological and supra-physiological levels of uniform equi-biaxial 
strain; d) size and versatility that allow for imaging using either an upright or inverted 
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microscope with high magnification objectives; and e) a temperature control system and 
the use of buffered media to allow long-term observation of cells during stretch.  
We have shown that the device applies uniform equi-biaxial stretch to custom 
wells with silicone membranes. By characterizing the relationship between membrane 
area changes and travel of the linear actuator we are able to deliver customized 
waveforms of area strain to adherent cells. Furthermore, the calibration validates the 16 
ball bearing indenter as a novel, precise and accurate method for imposing equi-biaxial 
strain. The maximum standard deviation reported for the macrostrain and microstrain 
calibrations are 1.3% and 0.75% respectively, which are amongst the lowest values for 
published biaxial stretching systems. Likewise, the macrostrain calibration shows only 
2.9% hysteresis, which suggests that the silicone membrane is elastic and that the friction 
in the bearings is low. The hysteresis could not be compared to other systems as it is 
usually not reported. Nevertheless, the precise and accurate strains delivered by this 
system compare favorably to existing devices and are likely due to the reproducible 
movement of the ball bearings. Indeed, earlier designs without the ball bearings often 
resulted in dry friction between the membrane and the indenter with less reproducible 
micro strains. 
It is important to emphasize the importance of a fixed point on the device that can 
be used as a datum for all calibrations and experiments. Devices that rely on indentation 
of a membrane by a circular post will inherently have nonlinear ΔSA-depth relationships 
due to their geometry. Considering this nonlinearity, small errors in the starting position 
of the membrane will produce significant errors at higher strains. Initially, the depth at 
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which the membrane contacted the ball bearings was taken as zero depth and a spacer 
was machined to go between the base and the travelling stage, allowing that depth to be 
reproducibly visited. After performing both the macrostrain and microstrain calibrations a 
discrepancy was noticed between the two; while the two calibration curves had the same 
curvature, there was an offset of only ~1.4 mm in depth between them accounting for an 
error up to 6% ΔSA at a strain of 20%, a margin of error of 30%. Thus the nonlinearity of 
the ΔSA in such devices must be well characterized and it is not accurate for the user to 
set the initial position by feel as reported elsewhere[93]. The calibration must also be 
done in the presence of fluid since the weight of the fluid also shifts the calibration curve. 
Unlike in pressure driven devices[79], the silicone membrane stays in the same 
plane during stretch, addressing one of the main design considerations. However, the 
membrane is not completely immobile and travels up and down in small increments (on 
the order of µm) as strain is applied. Thus, refocusing is sometimes required when 
tracking a cell through increasing levels of strain. Importantly, the cells return to the same 
imaging plane if they are brought back to zero or any initial level of strain, allowing for 
rapid and automated imaging of cells at a fixed strain or following cessation of cyclic 
stretch. A possible solution to cells traveling out of the focal plane is the use of three- 
dimensional imaging with a confocal microscope. Since refocusing requires human input 
and a variable amount of exposure time, 3D imaging could capture the cells as they travel 
outside of the focal plane with repeatable exposures. For small strains and small regions 
this technique should be rapid and feasible, while larger strains can also be 
accommodated by measuring the vertical displacement caused by stretch initially and 
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entering the necessary vertical position for all subsequent stretches. A calibration could 
also be performed to account for vertical displacement for larger strains to determine the 
initial position of the z-stack. This approach would not only solve the issue of refocusing 
but also provide more information about the cell, such as cell height and the vertical 
positioning and travel of organelles. 
Compared to other biaxial stretchers, we introduce the ability to simultaneously 
image from above and below, using a dual microscope. A water immersion objective 
allows high magnification imaging from above to better study the dynamics of 
subcellular structures, while the membrane is thin enough to allow imaging from below 
with magnification as high as 40x. Thus, two imaging modalities can be used in concert 
with biaxial stretching using this versatile design. Furthermore, physiological and supra-
physiological strains, such as those observed in diseased and pathological conditions as in 
acute lung injury[96], can be applied to the cells with membrane deformations as high as 
80% area strain. Finally, we demonstrate the ability to track a single cell through 
increasing levels of area strain while observing several intracellular structures.  
 
3.4.2 Cell Deformation and Mitochondria 
 The cell area changes do not perfectly reflect the prescribed membrane area 
changes (Figure 3-4), as reported for other biaxial stretching devices. Specifically, 
Tschumperlin et al. showed that the cell area changes are nearly identical to substrate 
area changes[83]. While the measured cell area strain is consistently below the prescribed 
substrate area strain, it is still within one standard deviation of the true substrate area 
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strain. Several factors could be responsible for this minor discrepancy. Firstly, the type of 
cells used by Tschumperlin et al. were type II epithelial cells, which have a circular 
morphology and are cultured at a high density such that neighboring cells are in close 
contact with each other[83]. Conversely, our study observed cells that are contractile with 
a dipole morphology that were seeded more sparsely, such that cells responded 
independently to strain rather than as an interconnected sheet attached to the membrane. 
Thus, the microscopic deformations at the cell level were likely more dependent on the 
Poisson ratio of each cell and how it was attached to the membrane. It is possible that 
fibroblasts at higher strain partially released their attachment to the membrane or the 
elasticity of the attachment itself takes up some strain. Additionally, the manual 
segmentation of the cell border was an approximation of cell area, particularly with very 
thin protrusions found in fibroblast cells. The changes in the major and minor axes fit to 
the segmented cells were nearly identical and therefore the cell experienced biaxial strain, 
despite not reaching the prescribed membrane area strain. Considering that each cell is 
imaged individually, the true cell area strain can be measured from images rather than 
assuming a prescribed membrane area strain.  
For mechanobiological studies, the ability to measure the true cell area strain for 
each cell can be crucial, since cell morphology and attachment inevitably influence the 
strain that an adherent cell ultimately experiences. Relating individual cell strains to 
biological responses may help better understand cellular processes dependent on strain 
amplitude such as signaling or cytoskeletal rearrangement. For example, the response of 
the mitochondrial network at different strains demonstrates the utility of the stretching 
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device as a tool for studying the effects of stretch on subcellular structures. Mitochondrial 
network structure is known to affect cell function with respect to energy production as 
well as being a predictor of apoptosis[97], [98]. Recently, actin has been found to play a 
role in mitochondrial fission, which regulates the network itself[77]. Furthermore, both 
monotonous cyclic and cycle by cycle variable stretches can cause reorganization of the 
mitochondrial network and changes in mitochondrial membrane potential[16], [21], [78]. 
Likewise, our results suggest that cell deformation can induce mitochondrial deformation 
as well as fission (Figure 3-5B). 
 
3.4.3 Calcium Imaging 
 Calcium signaling is a ubiquitous signaling pathway in cells that is regulated by 
many factors[99]. The influx of extracellular calcium ions (Ca
2+
) often leads to a release 
from internal stores. Ca
2+
 influx can be regulated by voltage-dependent Ca
2+
 channels, 
receptor-operated Ca
2+
 entry, store-operated Ca
2+
 entry, and by stretch-activated cation 
channels[89]. Considering that Ca
2+
 is involved in numerous functions of the cell, such as 
muscle contractions, enzyme activity and cytoskeletal reorganization, stretch-induced 
regulation of intracellular Ca
2+
 influences many fundamental cell functions[99]. Using 
our new device, we demonstrated the stretch-dependence of intracellular Ca
2+
 in bovine 
lung fibroblasts. Importantly, a single stretch of 10% membrane strain caused a large 
transient increase in intracellular Ca
2+
, while a stretch of 3% showed a significantly 
smaller response using the Fluo4 Ca
2+
 indicator (Figure 3-6). Cyclic stretch also proved 
to be a stimulator of a cellular calcium response, which was decreased by the introduction 
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of verapamil. Verapamil is known to affect the L-type voltage gated calcium channels, 
and may also affect mechanosensitive calcium channels [100]. More persistent changes in 
intracellular Ca
2+ 
were measured using the Fura2AM ratiometric dye, which showed that 
intracellular Ca
2+
 levels increased significantly after just 20 min of continuous cyclic 
stretch and continued to increase after 60 min of stretch (Figure 3-7). Using a smaller 
magnification objective (20X) allows for a larger field of view and thus the calcium 
levels can be tracked in multiple cells at once. Using multiple live cell dyes 
simultaneously, such as the Fluo4 with TMRM, can allow for concurrent measurement of 
calcium levels and mitochondrial membrane potential.  
 
3.5 Conclusion 
 In summary, we present a novel equi-biaxial cell stretching device that provides 
accurate changes in cell substrate area during high magnification microscopic imaging. 
This device is a versatile research tool that can deliver strains ranging from small precise 
physiological strains to supra-physiological strains found in pathological conditions. We 
demonstrated the versatility of the device by observing the mitochondrial network and 
calcium imaging, on time scales ranging from seconds to hours. This device provides 
unique capabilities to study mechanotransduction mechanisms via imaging modalities.  
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3.6 Figures 
 
 
Figure 3-1. Schematic of an equi-biaxial stretching device. 
A side view of the biaxial stretching device (A). The device consists of a linear actuator 
that controls the vertical motion of a traveling stage, which has a custom well (red) with a 
silicone membrane (light blue) on which cells are seeded. Biaxial stretch is delivered to 
the cells by stretching the membrane over a hollow indenter (blue), which has ball 
bearings to reduce friction (B). Cells can be imaged either from above, by placing a water 
immersion objective inside the indenter, or from below using an inverted microscope. (C) 
An actual image of the system under an upright microscope.  
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Figure 3-2. Calibration of stretching device. 
(A) Nonlinear relationship between the indenter depth and the corresponding change in 
surface area of a demarcated region on the membrane; this calibration curve was 
subsequently used to prescribe strain waveforms as a function of indenter depth.  Data 
points represent the average of n=3 calibrations with different membranes; standard 
deviation bars (not shown) are smaller than symbols.  (B) Representative sinusoidal 
waveform applied to membrane (amplitude, 20% strain; frequency, 0.0464 Hz), the input 
waveform (solid line) and the observed change in surface area (open circles) are shown 
demonstrating close agreement between input and measurement.  (C) Frequency response 
of the device is flat for stretch frequencies between 0.01-1.0 Hz; sinusoidal waveforms 
with prescribed strain amplitudes of 20% (filled triangles) and 40% (open squares) are 
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shown with reference lines, error bars represent the standard deviations (n = 3).  (D) Left: 
characteristic image of marker beads used to track micro strain; Right: detection 
algorithm showing beads at baseline (green) and after applied strain (magenta), specific 
beads are tracked and the areas enclosed by their polygons are used to determine the 
corresponding micro strain.  (E) Change in micro strain closely follows the prescribed 
macrostrain, line of identity is shown for reference; error bars represent standard 
deviations (n = 9). 
 
 
Figure 3-3. Macroscopic equi-biaxial strain. 
Change in surface area of sixteen triangles on the membrane shows the regional area 
strains at indenter depths of 0, 4, 6, 9 and 13 mm, with ΔSA ranging from 0% (blue) to 
45% (red). The average and standard deviation of ΔSA for all triangles is shown at each 
depth. The regional deformation is consistent for all triangles with a maximum standard 
deviation of 2.3% at the highest observed indenter depth.  
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Figure 3-4. Cellular area strain. 
An example of a cell tracked and imaged in increments of 7% area strain (A). The outline 
of the cell was manually selected and the cell shape was fitted with an ellipse whose 
major and minor axes were measured (B). The area strain of cells was measured (n = 8) 
and compared to the prescribed membrane area strain. The measured cell area strain is 
lower than the prescribed strain, but is within one standard deviation at each measured 
increment. The major and minor axes of the cell increase equally, demonstrating biaxial 
strain.  
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Figure 3-5. Mitochondrial network under equi-biaxial strain. 
(A) A cell labeled for cytosol (green), mitochondria (red) and nucleus (blue) at 0% (left) 
and 14% (right) membrane area strains. (B)The top row shows the mitochondrial network 
of an entire cell imaged during constant strain application at increments of 0, 10, 20 and 
40% change in membrane surface area. The bottom row shows a detail of an individual 
cluster (the green rectangle in top row) changing shape as higher strains are applied 
(green arrow), as well as a cluster undergoing fission and splitting into two smaller 
clusters (red arrow).  
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Figure 3-6. Intracellular calcium response to strain. 
Intracellular calcium level responses of primary bovine fibroblasts to single sinusoidal 
equi-biaxial strains. Cells were loaded with Fluo4 calcium indicator dye and subjected to 
strains of 3 or 10% change in membrane surface area (ΔSA). (A) Following single 6 s 
long stretch (dotted line), cells stretched to 10% ΔSA showed large transient increases in 
fluorescence relative to baseline (mean of 77 cells), while cells stretched to 3% ΔSA 
showed little response (mean of 44 cells). Images of cells stretched to 10% ΔSA revealed 
differences between neighboring cells in the timing of their response to stretch, with 
some cells responding immediately and other requiring up to 10 s to respond. (B) The 
changes in fluorescence were significantly greater with 10% ΔSA than with 3% ΔSA 
(p<0.001). 
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Figure 3-7. Intracellular calcium levels during one hour of stretch  
 Response of intracellular calcium levels in bovine fibroblasts up to one hour of 
continuous sinusoidal stretching with maximum amplitude of 10% change in membrane 
surface area. Average ratios of Fura2 fluorescence at 340 and 380 nm excitation 
wavelengths were computed in each of 11 cells. Individual cell responses varied (A), but 
there was an overall trend of increasing Fura2 ratios over time, with significant increases 
present at 20 and 60 min relative to baseline (B). **, p<0.01; ***, p<0.001 
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CHAPTER 4. Variable Stretch Affects Mitochondrial Membrane Potential and 
Smooth Muscle Contractility 
 
4.1 Introduction 
 The mechanical environment of cells is known to dictate essential cell function 
such as migration, contractility, ECM remodeling, and stem cell differentiation[10], [24], 
[101]. Cells generate internal tension via the cytoskeleton and respond to transient stretch 
by immediately decreasing traction forces and slowly returning to baseline by processes 
known as fluidization and resolidification, respectively[7], [102]. The respiratory and 
circulatory systems are prime examples of cyclic mechanical stimuli which control cell 
behavior such as contraction by vascular and airway smooth muscle and signaling by 
epithelial and endothelial cells[9], [25], [86]. Both systems also feature notable changes 
in tissue and ECM stiffness in diseases such as fibrosis, emphysema, atherosclerosis and 
hypertension. Thus healthy function of the cells depends on the ability of cells to sense 
their mechanical environments and respond to changes in stress, strain and stiffness. 
Variability in the cyclic mechanical stimuli is present in both the lungs and the 
vasculature. In the respiratory system tidal volume varies by 26% in healthy subjects as 
measured by coefficient of variation[26]. This variability can either decrease in the case 
of restrictive lung disease or increase in obstructive lung disease. Physiological levels of 
tidal volume variability have been shown to be beneficial in lung recruitment, gas 
exchange and surfactant secretion[35]–[37], [82]. Likewise, blood pressure varies in 
healthy subjects, but increases in cases of hypertension[14]. BPV has also been correlated 
with increased arterial stiffness, resulting from ECM remodeling by vascular smooth 
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muscle cells (VSMCs)[43]. Thus cells within these systems are subjected to varying 
stress and strain amplitudes and frequencies, which they sense through various means 
such as focal adhesions, cell-cell interactions, and mechanosensitive channels[40]. We 
have shown that fluctuations in stress and strain are transduced into cytoskeletal 
reorganization, which can further signal to organelles such as the mitochondria[16]. 
Considering cytoskeletal reorganization is an active process that consumes energy in the 
form of ATP, we found the mitochondria respond to fluctuations in mechanical stimuli by 
altering their membrane potential, leading to changes in energy production.  
 Mechanotransduction has mostly focused on the processes that drive cytoskeletal 
organization; however, the transduction of mechanical stimuli on related processes such 
as mitochondrial function and energy production on contractility has not been well 
studied. Mitochondria are transported by kinesin and dynein proteins along microtubules, 
which can serve as a physical link to mechanical stimuli[20]. Furthermore, actin 
polymerization is involved in the process of mitochondrial fission, which along with 
mitochondrial fusion controls the dynamics of the network[77]. Finally shape changes of 
the cell are known to reorganize the microtubule network, which may in turn lead to 
changes in mitochondrial organization[8]. Mitochondria have previously been shown to 
respond to cyclic stretch, suggesting that mechanical signals reach the organelles either 
directly or through biochemical signaling. The response of mitochondria in 
cardiomyocytes to nanomechanical indentations further contributes to the theory of 
mitochondria’s role as a mechanosensor or mechanotransducer[21]–[23], [78].  
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In this study we characterize the effects of physiologically varying mechanical 
stimuli and underlying substrate stiffness on the contractility of VSMCs related to 
mitochondrial function and the effects on lung fibroblasts in both cell culture and tissue 
constructs. Previously we demonstrated that variability in strain affects mitochondrial 
membrane potential, which in turn affects smooth muscle contractility[16]. Here we 
further establish that substrate stiffness only moderately affects mitochondrial membrane 
potential despite characterized differences in cell stiffness and contractility observed over 
a range of substrate stiffnesses. Figures 4-1 and 4-6 are from our recent publication and 
are included for completeness and comparison[16], but are not part of the findings of this 
thesis.  
 
4.2 Methods 
4.2.1 Cell Culture 
VSMCs were isolated from bovine thoracic aortae (Research 87, Boylston, MA) 
using the explant method. The adventitia and intima of the aorta were cleaned off leaving 
only the tunica media, which was washed multiple times with Dulbecco’s Modified Eagle 
Medium (DMEM) (Gibco). The smooth muscle was then cut into small explants (5 mm x 
5 mm), placed into a flask and allowed to attach to the bottom for 20 min. Full media 
containing DMEM, 10% fetal bovine serum, 100 units/ml penicillin and 100 µg/ml 
streptomycin, 2.5 µg/ml amphotericin B, and 0.1 µg/µl primocin was used and changed 
every other day. Explants were removed after 7-10 days following noticeable outgrowth 
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of cells. Lung fibroblasts were isolated with the same explant technique from bovine lung 
parenchyma.  
4.2.2 Cell Stretch Protocol 
 Bovine lung fibroblasts were seeded on custom membranes and stretched using 
the device described in Chapter 3. Cells were incubated in DMEM without FBS for 24 h 
before stretch. Forty minutes before stretch cells were incubated with 20 nM 
tetramethylrhodamine methyl ester (TMRM), a dye used to assess mitochondrial 
membrane potential. Cells were stretched at equi-biaxial strains of 0%, 10%, and 30% at 
0.2 Hz and images of the same region were taken before and after 20 min of stretch (n = 
32, n = 11, and n = 19 for each strain amplitude respectively). Imaging was performed 
using a Nikon Eclipse 50i microscope with a water immersion 60X objective.  
 Likewise, VSMCs were seeded onto membranes coated with collagen I. In order 
to track mitochondrial network structure, cells were incubated with 200 nM Mitotracker 
Green for 25 minutes. Cells were then stretched for 1 h using both MS and VS with an 
average strain amplitude of 20% and frequency of 0.2 Hz. MS consisted of a single 
repeated sinusoid, while VS consisted of sinusoids of strain amplitudes ranging between 
15% and 25% with equal probability. Images were taken before and after stretching using 
a Nikon Eclipse 50i microscope with a water immersion 60X objective. The stretching 
device was also used to stretch VSMCs seeded on a NuSil (Nusil Technology) gel in 
order to measure traction forces, which is described in further detail below. Cells were 
manually selected using a custom Matlab program and the background intensity was 
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subtracted from each cell. Individual mitochondria clusters were segmented via 
thresholding and the area and intensity were measured.   
4.2.3 Gel Characterization and Coating 
In order to test the effects of substrate stiffness on mitochondrial activity, the 
stiffness of NuSil gel was characterized for different ratios of polymer and crosslinker. 
Ratios of 1:1, 1:2, and 1:5 polymer to crosslinker were mixed and placed into petri dishes 
in an oven at 70 ºC for 24 h. In order to obtain stiffer gels Sylgard, mixed at the 
manufacturer’s instructed 1:10 ratio, was added to 1:1 NuSil at 20% and 33% by weight. 
Gel stiffness was determined using a uniaxial stretching device (n = 5 for each stiffness) 
(model 300B, Aurora Scientific)[103]. Briefly, the dimensions of the gel were measured 
before attachment into a stretching device, which applied a known displacement and 
measured the resulting force. Stress and strain were calculated using the measured force 
and dimensions of the sample and were fit with a line, the slope of which was taken as 
the stiffness. The gel layer was ligated with collagen (Advanced Biomatrix, Carlsbad, 
CA) with green sulphated fluorescent beads (Life technologies) cross linked to the 
collagen.  
4.2.4 Aorta Ring Stretch Protocol 
Thoracic aortae were harvested from Wistar-Kyoto rats and placed into a 
physiological salt solution (PSS: 120 NaCl, 5.9 KCl, 11.5 dextrose, 25 NaHCO3, 
1.2 NaH2PO4, 1.2 MgCl2, 2.5 CaCl2; all in mM, pH = 7.4, equilibrated with 95% O2–5% 
CO2). The surrounding tissue was dissected away and the aorta was placed into the bath 
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of a uniaxial stretch system containing PSS. The aorta was held in place using two 
stainless steel triangle shaped hooks, with one end held fixed and the other connected to a 
lever arm force transducer. The lever arm, similar to the one used by Gao et al.[33], 
(model 300B, Aurora Scientific) was used to apply a mean stretch of 70% to all aortae for 
45 min, followed by either monotonous stretch (MS) (n = 10) or variable stretch (VS) (n 
= 9). MS consisted of a repeated sine wave with peak-to-peak amplitude of 30% and 
frequency of 3 Hz. VS, however, consisted of sine waves varying from cycle to cycle in 
peak-to-peak amplitude from 15% to 45% and in frequency from 6 to 2 Hz, respectively 
(Figure 4-4). Thus MS explored a range of strains from 55% to 85%, while the range for 
VS was 47.5% to 92.5%. Strain values were based on continuous blood pressure 
measurements, which were transformed into strain using published pressure-radius 
curves. More in depth analysis of aortic strain can be found in Figure 5-1 in Chapter 5. 
The product of peak strain amplitude and frequency was held constant so as to maintain a 
constant strain rate. Fifteen minutes after the onset of cyclic stretch aortic smooth muscle 
contraction was induced for 30 min via PSS containing 51 mM KCl. The high KCl PSS 
was washed out and the tissue continued to be exposed to MS or VS for 4 h, at which 
point another contraction was induced. In a subset of samples (n = 9), a third contraction 
was induced after incubation for an hour in 5 µM oligomycin A, an ATP synthase 
inhibitor. In another variation of the experiment (n = 8), blebbistatin, an inhibitor of 
myosin II[104], was introduced to PSS at a concentration of 10 µM after the first 
washout, and was maintained in the solution for the subsequent 4 h of stretch and the 
second contraction. 
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4.2.5 Traction Force Measurements 
A 1:2 NuSil gel was also used for traction force measurements in which the gel 
was spin coated to a thickness of ~100 µm on the silicone membrane. The membrane was 
then heated at 70 ºC for 24 h in order to polymerize the gel, after which it was placed into 
the custom cell culture well of the biaxial stretching device. The membrane was stretched 
quasi-statically to levels between 2.5% and 40% area strain. Images were taken at each 
level using a Nikon Eclipse 50i fluorescence microscope with 20X and 60X objectives. 
Cells were stretched using a square pulse of 10% area strain for 3 s. Images were taken 
before and after stretch and used to generate a displacement field. The displacement field 
and the known mechanical properties of the gel were used along with Fourier transform 
traction force microscopy to evaluate cell tractions[56], [58].  
4.2.6 Statistical Analysis 
All data are reported as mean ± standard deviation. Comparisons were made using 
two-way ANOVA. Results were taken as significant for p<0.05.  
 
4.3 Results 
4.3.1 Effects of Cell Stretch on Lung Fibroblasts and VSMCs 
 Lung fibroblasts mitochondria were imaged using TMRM dye before and after 
stretch to visualize cluster formation and membrane potential changes in the same cells. 
Cells were stretched to 0% (n = 32), 10% (n = 11), and 30% (n = 19) area strain for 20 
min (Figure 4-2A) and the effect of stretch and time was significant (p < 0.008) on the 
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cluster size and the number of clusters (Figure 4-2B and 4-2D). Membrane potential was 
affected only by time (p < 0.001) but not by the strain amplitude (Figure 4-2C). 
 Figure 4-3A shows example images of mitochondria visualized with Mitotracker 
Green before and after 1 h of MS and VS, with a mean area strain amplitude of 20% and 
frequency of 0.2 Hz. Mitochondrial clusters were segmented and their probability 
distributions are plotted in Figure 4-3B. The probability distribution of mitochondrial 
cluster areas can be approximated well with a power law distribution; thus the 
distributions were fit with a function of the form p(x) = C*x
-α
, where C is a constant, x is 
the cluster area and α is the power law exponent. The exponent α, reported as mean ± 
SEM of the fit, differed for the MS (α = 1.652 ± 0.073) and VS (α = 1.963 ± 0.089) 
samples before stretch was applied (p = 0.005). After stretch was applied both 
coefficients increased slightly, but more so in the case of MS (α = 1.733 ± 0.079) than VS 
(α = 1.983 ± 0.062). This was reflected in the median cluster area values, which 
decreased from 0.27 µm
2
 to 0.24 µm
2
 after MS, but remained constant at 0.18 µm
2
 before 
and after VS. While α increases with both MS and VS, there is no significant difference 
after 1 h measured by a one sample t-test to compare α values before and after each type 
of stretch.  
4.3.2 Effects of Variable Stretch on Aorta Contractility 
 To confirm the effects of increased membrane potential on cell contractility 
during VS, aortic rings were stretched with MS and VS while the force generated was 
measured (Figure 4-4A and 4-4B). Vessel contraction was induced by KCl challenge 
before and after 4 h of stretch. VS maintained the contractile force of the vessel, while 
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MS decreased the force by ~20% (p < 0.005) (Figure 4-4C). Introducing oligomycin A 
for another hour during stretch resulted in a decrease of contractile force in both MS and 
VS, abating the difference between the two conditions.  
4.3.3 Effects of Substrate Stiffness 
 Gels of different stiffness were prepared by combining increasing ratios of 
polymer and crosslinker of NuSil, and in some cases Sylgard. Stiffness was measured 
from a stress-strain curve of a uniaxial tension test. All gels showed a linear stress-strain 
curve and were fit with a first order polynomial summarized in Table 1. Gels with a 
stiffness of up to 20 kPa could be made by increasing the ratio of crosslinker to polymer 
in NuSil, but eventually the stiffness saturated with increasing amounts of crosslinker. In 
order to generate stiffer gels, Sylgard was added at 20% and 33% to obtain stiffnesses up 
to 75 kPa.  
 Cells were seeded on gels with nominal stiffness of 1, 12.5, 50, and 75 kPa coated 
with collagen (n > 150 for each condition). The effect of stiffness on mitochondrial 
cluster size is statistically significant (p < 0.005), though moderate, showing at most 10% 
difference in median values between cells seeded on 12.5 kPa and the rest (Figure 4-5A). 
The effect of stiffness on TMRM intensity is also significant (p < 0.001) and more 
pronounced, with maximum intensity occurring at 12.5 kPa (Figure 4-5B). TMRM 
intensity at this particular stiffness is statistically different from all other groups (p < 
0.001).  
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4.3.4 Traction Force Microscopy 
 A deformable silicone membrane was covered by a 1:2 NuSil gel, which was then 
coated with sulphated fluorescent beads. The beads were imaged during equi-biaxial 
stretch, which was imposed on the silicone membrane and transferred to the NuSil gel. 
Figure 4-6A shows the displacement field of the beads at 10% area strain, which 
confirms that equi-biaxial stretch was delivered. The gel could be stretched cyclically up 
to 40% area strain with similar displacement fields and without gel cracking. Figure 4-6B 
shows the brightfield image of a VSMC that was stretched up to 10% area strain for 3 s. 
Figures 4-5C and 4-5D show the displacement fields before and after stretch, 
respectively, relative to the image of beads after cell removal by trypsin. Finally, Figures 
4-5E and 4-5F display the traction forces generated by the cell as calculated using 
unconstrained Fourier transform traction force microscopy. For comparison the color bars 
are the same in Figures 4-5E and 4-5F, thus a step signal in area strain immediately 
reduces cell traction forces. Areas of high traction forces can be identified both before 
and after stretch. 
 
4.4 Discussion 
 In this study we explored the role of the mitochondria as a mechanosensitive 
organelle that responds to the fluctuations in stretch at both the cell and tissue levels and 
found the following: 1) mitochondrial cluster size and membrane potential depends on 
the amplitude and pattern of stretch, 2) substrate stiffness moderately affects 
mitochondrial cluster size and membrane potentials, 3) changes in membrane potential 
contribute to contractility that are apparent at the whole aorta level where VS maintains 
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smooth muscle contractility compared to MS, 4) changes in cell contractility can be 
explored using a new system for simultaneous cyclic stretch, traction force microscopy, 
and mitochondrial imaging.  
 Cells respond to fluctuations in stretch by increasing mitochondrial clustering and 
membrane potential (Figure 4-1)[16]. This has an effect on cell contractility as measured 
mechanically by force generation in aortic rings and confirmed biochemically by Western 
blots and immunohistochemistry expression of phMLC (Figure 4-7)[16]. Inhibition of 
ATP-synthase activity by oligomycin A diminishes the difference between MS and VS in 
both cell culture and aortic rings, suggesting that differences in contractility indeed 
depend on energy production by mitochondria. These findings support the concept of the 
mitochondria being sensitive to mechanical stimuli and are the first to link fluctuations in 
stretch to both cell and vessel function in the circulatory system. At the time scale of 
minutes up to one hour, there seems to be increased fission events in both fibroblasts and 
VSMCs, as seen in Figures 4-2 and 4-3, respectively. The probability distribution of 
mitochondrial clusters labeled with Mitotracker Green can be fit with a power law 
function. The increase in exponent α with both MS and VS suggests an increase in fission 
events, though the changes are not large enough to be statistically significant (Figure 4-
3). The median mitochondrial cluster area, however, remained constant during VS, but 
decreased during MS. Fission is also observed in mitochondria of lung fibroblasts labeled 
with TMRM (Figure 4-2). Conversely, after 4 h of MS or VS VSMCs show an increase 
in median mitochondrial cluster area compared to US (Figure 4-1), suggesting that stretch 
may first lead to the breakup of clusters before they fuse to form larger ones[16].  
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Although it is known that cell stiffness and contractility increases on stiffer 
substrates, we do not observe a strong effect of substrate stiffness on membrane 
potential[55]. The maximum cluster size and membrane potential occurred at 12.5 kPa 
(Figure 4-5), which is considerably softer than the stiffness of the aorta that we measure 
in Chapter 5. Sehgel et al. measured VSMCs stiffness from WKY rats by atomic force 
microscopy and found it to be 15-25 kPa depending on age. Considering the nonlinear 
stress-strain relationship of the vessel wall, the cells should be exposed to stiffer 
substrates at physiological blood pressure levels but may explore lower stiffnesses in 
cases of aneurysm or hypotension[105]. The fact that there is not much of a relationship 
between mitochondrial membrane potential and substrate stiffness supports the data from 
our previous publication presented in Figure 4-1[16]. The cells in that study were seeded 
on a significantly stiffer silicone membrane, but the data in Figure 4-5 suggests that was 
not a limitation of the study. Furthermore, the effect of stretch and separately variability 
is greater than that of substrate stiffness, suggesting mitochondria respond to the dynamic 
mechanical environment, but perhaps not the static mechanical conditions.  
Some technical difficulties were encountered during imaging of mitochondrial 
membrane potential in lung fibroblasts over the course of 20 min in the presence of 
stretch as seen in Figure 4-2. Since the effect of time on mitochondrial cluster area and 
membrane potential was significant, perhaps the time interval of stretch should be 
shortened or more stable mitochondrial dyes such as Mitotracker should be used as with 
the VSMCs in Figure 4-3. Nevertheless, the effect of stretch amplitude on mitochondrial 
structure is significant, which agrees with the work of Shinmura et al who showed 
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mitochondrial realignment in response to stretch[78]. The addition of variability to cyclic 
stretch has many other consequences on fibroblast function including mRNA expression 
of key elements of the cytoskeleton, focal adhesions and ECM as demonstrated in our 
previous publication (Appendix 1)[106]. We note that actin and syndecan-4 exhibited a 
behavior in which there was a specific level of variability or noise at which its mRNA 
production was maximally increased or reduced. Such variability- or noise-enhanced 
signaling is similar to the phenomenon known as stochastic resonance that occurs in 
nonlinear systems where the addition of noise to the input signal can result in the 
amplification of the output [107], [108]. Stochastic resonance has been implicated in 
various biological phenomena [15], [109]–[112].  We speculate that physiological levels 
of variability must be optimal in some sense for the functioning of the cell or its 
components within its native mechanical and biochemical environment. 
The traction force microscopy method presented is an improvement on current 
techniques[7], [56], [57] because the material properties of the NuSil gel allow cyclic 
stretch up to 40% area strain without gel cracking. Current techniques generally use 
polyacrylamide gel, which is susceptible to cracking at higher strains. Our technique also 
differs from those in that it does not use an indenter that plunges into a thick gel[7], rather 
it uses an indenter that applies equi-biaxial strain to an underlying silicone membrane, 
which then transfers the strain to a thin gel. This transfer of strain allows the gel to be 
indented and imaged from either the top or the bottom side. The method described can be 
used in future experiments to measure traction forces for individual cells while 
monitoring mitochondrial structure and membrane potential.  
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 Several limitations must be taken into account when drawing broader conclusions 
with these results. All of the cell culture experiments lack the in vivo ECM composition, 
which may affect their attachment, mechanics and mechanotransduction. Nevertheless, 
the membrane potential differences during MS and VS measured at the level of 
individual cells seem to affect the contractility of VSMCs in the aorta, which has the 
appropriate ECM environment. Even the whole aorta experiments lacked several 
important mechanical factors present in vivo. For example, our experimental setup did 
not mimic the blood pressure waveform, nor did it impose longitudinal strain on the 
aorta. Endothelial cells on the inner surface of the aorta control VSMCs contractility in 
response to shear stress; however, we did not impose any flow or shear stress on these 
cells. Finally, we only explore beat-to-beat variability on the order of hours, whereas 
fluctuations in mechanical stimuli span time scales from beat-to-beat to months. Thus the 
changes in contractility must be placed in a broader context and tested experimentally to 
confirm the effect of variable stretch on circulatory physiology.  
 The implications of these findings are threefold: 1) mean amplitude and frequency 
as currently used in mechanotransduction studies does not have the same effect on 
mitochondrial function as physiologically varying stretch, 2) aortic wall mechanics may 
change in response to intrinsic variability in stretch found in vivo, as discussed in further 
detail in the next chapter and 3) substrate stiffness does not seem to regulate 
mechanotransduction to the mitochondrial membrane potential though it is known to be 
important in many other cell functions. Thus, future research in mechanotransduction of 
varying stimuli on VSMCs should consider the amount of variability and pathological 
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increases in variability in hypertension. The regulation of cell contractility by fluctuations 
may be important in considering the changes in contractile and synthetic phenotypes of 
the smooth muscle on a longer time scale in hypertension. A pilot study was conducted to 
explore the effects of normal physiologically varying strain on aortas excised from 
spontaneously hypertensive rats (SHR) (n = 3)[40]. Preliminary results show that aortas 
from SHR rats respond similarly to VS as do aortas from WKY rats during MS, meaning 
VS reduces the contractile force of the aorta (Figure 4-8). However, the strain variability 
was that of a normotensive rat and we do not know how strain variability changes with 
hypertension due to two opposing factors. During hypertension BPV can increase, but 
aorta stiffness also increases; thus, depending on the nonlinearity of the new stress-strain 
curve, strain variability could either increase or decrease. Nevertheless, this preliminary 
work, taken together with the effects of VS described here, pose questions about how 
hypertension can be treated by controlling BPV.  
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4.5 Tables and Figures 
 
Ratios of NuSil A : NuSil B : Sylgard % Stiffness (kPa) 
1:1:0% 1.0 ± 0.1 
1:2:0%  3.9 ± 0.6 
1:5:0%  12.5 ± 2 
1:1:20%  50.6 ± 10  
1:1:33% 75.9 ± 5 
 
Table 4-1. Gel Stiffness. 
Stiffness values of NuSil gels measured by uniaxial tension tests for different ratios of 
polymer and crosslinker (n = 5 for each stiffness). 
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Figure 4-1. Mitochondrial membrane potential depends on stretch pattern. 
A) Example images of mitochondrial networks with tetramethylrhodamine methyl ester 
(TMRM) dye under unstretched (US), monotonous stretch (MS) and variable stretch (VS) 
conditions. B) Median TMRM intensities were normalized to the VS condition and show 
dependence on stretch pattern (p < 10
-10
). TMRM intensity is at a minimum during US (n 
= 218 cells), but increases with MS (n = 466) and particularly with VS (n = 522). C) 
Median cluster sizes increase with stretch with maximum sizes during VS (p < 10
-10
). D) 
Phosphorylated myosin light chain (phMLC) is highest during VS (n = 12) and lowest 
during MS (n = 12). Under all stretch patterns the introduction of oligomycin A, an ATP-
synthase inhibitor, reduces the amount of phMLC (p < 0.001). Significant differences 
between the control and oligomcyin A treated samples are denoted by the * symbol, 
whereas the horizontal lines denote differences between stretch pattern conditions. 
Adapted from reference [16]. 
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Figure 4-2. Effects of stretch amplitude on mitochondrial structure in lung 
fibroblasts. 
A) Example images of mitochondria visualized with TMRM before (gray bars) and after 
(black bars) 20 min of cyclic sinusoidal stretch at 0% (n = 32), 10% (n = 11) and 30% (n 
= 19) area strain amplitude. B) The effect of both time and stretch are significant on the 
mitochondrial cluster area (p < 0.008). C) The mean TMRM intensity is affected by time 
but not the stretch amplitude (p < 0.001). D) The total number of clusters increases after 
20 min and is dependent on both time and stretch (p < 0 .008).  
  
67 
 
Figure 4-3. Effects of MS and VS on VSMCs after one hour. 
A) Example images of mitochondria visualized with Mitotracker Green before and after 1 
h of MS and VS with a mean area strain amplitude of 20% and frequency of 0.2 Hz. B) 
The probability distribution of mitochondrial cluster sizes can be approximated with a 
power law and thus were fit with a function of the form p(x) = C*x
-α
, where C is a 
constant, x is the cluster area and α is the power law coefficient. The coefficient α, 
reported as mean ± SEM of the fit, differed for the MS (α = 1.652 ± 0.073) and VS (α = 
1.963 ± 0.089) samples before stretch was applied. After stretch was applied both 
coefficients decreased slightly, but more so in the case of MS (α = 1.733 ± 0.079) than 
VS (α = 1.983 ± 0.062). While α increases with both MS and VS, there is no significant 
difference after 1 h.  
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Figure 4-4. Variable stretch maintains smooth muscle contractility. 
Aortic rings were stretched quasi-statically to 70% static strain and held for 45 min after 
which cyclic stretch was imposed with either MS or VS. An example trace of force 
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generated by an aortic ring during MS or VS. MS consisted of a repeated sine wave with 
peak-to-peak amplitude of 30% and frequency of 3 Hz. VS, however, consisted of sine 
waves varying from cycle to cycle in peak-to-peak amplitude from 15% to 45% and in 
frequency from 6 to 2 Hz, respectively. Contractile force was assessed with KCl 
challenges after 10 min of cyclic stretch, after 4 h of stretch and in some samples after 
another hour of stretch in the presence of oligomycin A. A) An example trace of force 
generated during MS, which decreases the contractile force after 4 h by 20% and 
decreases even further after incubation with oligomycin A. B) An example trace of force 
generated during VS, which maintains the same contractile force after 4 h, but decreases 
after incubation with oligomycin A. C) VS maintains the contractile force of the aorta 
while MS decreases the force by 20%. The difference between the two groups is abated 
by 1h incubation with oligomycin A. The effects of both stretch pattern and oligomycin 
A are significant (p < 0.005).  
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Figure 4-5. Effects of substrate stiffness on mitochondrial cluster size and 
membrane potential. 
A) Median cluster size is shown for cells (n = 150+) seeded on gels of 1, 12.5, 50 and 75 
kPa. There is a statistically significant effect of substrate stiffness (p < 0.005) with a 
maximum occurring at 12.5 kPa. B) There is a statistically significant effect of substrate 
stiffness (p < 0.001) on the median TMRM intensity of mitochondrial clusters. Maximum 
intensity occurs at 12.5 kPa, which is different from all other stiffness conditions.  
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Figure 4-6. Traction force microscopy of VSMC. 
A) An example of an equi-biaxial displacement field for 10% area strain, with 
displacements in micrometer. B) A brightfield image showing the outline of a cell 
subjected to 10% area strain for 3 s. Bead displacements were calculated in comparison 
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to an image after cell removal by trypsin both before (C) and after (D) stretch. Traction 
forces were calculated using Fourier transform traction force microscopy before (E) and 
after (F) stretch and are shown in Pascal. Traction forces immediately decrease in 
response to a 10% area strain square pulse.  
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Figure 4-7. Biochemical measurement of phMLC. 
A) A representative Western blot with phosphorylated myosin light chain (phMLC) and a 
loading control shows that normalized expression is higher in VS by 28% than in MS. 
The expression reduces under both conditions in the presence of oligomycin A, though 
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there is still a difference between the two conditions. The effects of both stretch pattern 
and oligomycin A are significant (p < 0.001). B) Images of immunohistochemistry of 
phMLC shows a similar trend on the same aortic samples, with a maximum during VS (n 
= 42) and a decrease of 22% during MS (n = 54). Oligomycin A decreases phMLC 
expression in MSo (n = 24) and VSo (n = 24). The effects of both stretch pattern and 
oligomycin A are significant (p < 0.001) and all groups are statistically different from 
each other with the exception of MS and VSo. C) Representative examples of aortic 
sections stained by immunohistochemistry for phMLC (blue) and nuclei (pink).  
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Figure 4-8. Normalized contraction force in normal and hypertensive rats. 
Variable stretch (n = 9) maintains contractility, while monotonous stretch (n = 10) 
decreases contractility by 20% in aortas from normotensive rats (p<0.001). The force of 
the second contraction was normalized by the force of the first contraction. Variable 
stretch decreased the contractility of aortas from hypertensive rats relative to monotonous 
stretch (n = 3) (p=0.0072). 
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CHAPTER 5. Physiological Strain Variability Regulates the Relation Between Force 
and Wall Stiffness 
 
5.1 Introduction 
Cells and tissues in the cardiovascular system are subject to repeated mechanical 
strains resulting from the blood pressure (BP) variations generated by the heart. With 
each heart beat blood vessels experience circumferential strain as the wall is stretched, 
shear strain on the surface of the wall, and compressive radial strain due to the pressure 
generated by pumping blood[1]. The blood pressure generated depends on multiple 
factors including blood volume, cardiac output and systemic vascular resistance[41]. 
Furthermore, blood pressure is regulated by various feedback control systems, such as 
nervous inputs from the baroreceptor reflex, as well as hormonal control via the renin-
angiotensin system[42]. As these systems interact in a noisy environment they produce 
fluctuations in blood pressure over a range of time scales, which in turn cause 
fluctuations in cell and tissue strain[13]. Thus, the mechanical environment of all cells in 
blood vessels of a healthy individual is dynamic and can be better characterized by 
variable strains, rather than monotonous repetitions of identical stimuli.  
The amount of blood pressure variability (BPV) has been characterized in both 
healthy and diseased conditions, and has been shown to increase in cases of 
cardiovascular disease[18], [29], [46]. Recently, variability in systolic BP has been 
shown to be a strong predictor of stroke independent of mean systolic BP[17]. Likewise, 
short term variability in systolic BP shows an independent but moderate relation to aortic 
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stiffness, which is a known risk factor for heart disease, stroke, renal disease and 
cognitive impairment[43], [113]. Furthermore, increases in BPV can induce aortic and 
left ventricular hypertrophy without an accompanying increase in mean blood pressure, 
as shown by the results of sinoaortic denervation experiments[19]. Levels of target organ 
damage have been shown to be positively correlated with BPV in both human patients 
and rat models of hypertension[18], [46]. While baroreceptor reflex function has been 
shown to be negatively correlated with BPV further studies are necessary to elucidate the 
source and effect of abnormal BPV in cardiovascular disease onset and progression[114]. 
Variable stretch caused by BPV has only recently been show to contribute to the function 
of smooth muscle, cardiac, and endothelial cells in the cardiovascular system[16], [81], 
[115]. Potential mechanisms for fluctuation-driven mechanotransduction were 
summarized in a recent review[40].  
Aortic stiffening associated with hypertension has historically been attributed to the 
composition and amount of protein in the extracellular matrix, rather than the smooth 
muscle cells located in the media[34], [116], [117]. Conversely, new studies suggest that 
vascular smooth muscle cells (VSMCs) contribute significantly to aortic stiffness, 
particularly in cases of aging and hypertension[30]–[33]. Both cell and tissue level 
stiffness measurements revealed an increase in stiffness during hypertension due to 
contractile components of VSMCs and their adhesion to the ECM[31], [32]. These 
findings suggest that the contractile behavior of VSMCs can be a potential target in 
treating abnormal aortic stiffness found in hypertension.  
In a previous study, we demonstrated that biaxial variable stretch (VS) at 
  
78 
physiological levels can maintain VSMC metabolic and contractile function that requires 
ATP, compared to monotonous stretch (MS), which decreases contractile force[16]. In 
particular we showed that monotonous stretch down-regulates ATP production as 
measured by mitochondrial membrane potential, while variable stretch heightens ATP 
production by increasing the production of cytochrome c oxidase, tyrosine 
phosphorylation, mitofusins and PGC-1α. As a result, VS maintains the contractility of 
VSMC while MS diminishes it. In the present study, we hypothesized that changes in 
contractility due to MS versus VS also result in different mechanical properties of the 
aorta wall. To test this hypothesis, we determined the amount of strain variability in 
aortas corresponding to the normal BPV of Wistar-Kyoto (WKY) rats and exposed aorta 
rings to physiological cycle-by-cycle variability in stretch. At each cycle in both baseline 
and contracted states, the mechanical properties were quantified to determine how 
variability in strain modulates smooth muscle contraction and contributes to the stiffening 
of the aorta.  
 
5.2 Methods 
5.2.1 Blood Pressure Measurements 
Blood pressure measurements were made in WKY rats (280-320 grams) (n = 4) 
under a protocol approved by the Boston University IACUC. Rats were anesthetized 
using 70 mg/kg ketamine and 10 mg/kg xylazine, an incision was made and the carotid 
artery was cannulated using a DTX-1 BP pressure transducer connected to a TA-100 
amplifier (CWE Inc). Data was recorded at 1000 Hz for up to 20 min using a National 
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Instruments DAQ 6221 and a custom Labview program (Figure 5-1A). Strain values 
were obtained by interpolating the blood pressure data at each data point using a 
pressure-radius relationship from the literature[118]. The strain values were then used to 
determine the static strain and the cyclic strains for monotonous and variable stretch 
conditions (Figure 5-1B and 5-1C).  
5.2.2 Stretching Protocol 
Thoracic aortae were harvested from WKY rats and immediately placed in a 
physiological salt solution (PSS: 120 NaCl, 5.9 KCl, 11.5 dextrose, 25 NaHCO3, 
1.2 NaH2PO4, 1.2 MgCl2, 2.5 CaCl2; all in mM, pH = 7.4, equilibrated with 95% O2–5% 
CO2) as previously described[16]. The surrounding tissue was dissected away and the 
sample was placed into a bath of PSS in a uniaxial stretching system consisting of a lever 
arm force transducer (Model 300B, Aurora Scientific). The lever arm applied strain in the 
circumferential direction while simultaneously measuring the force generated by the 
tissue. A mean static strain of 70% was applied, to mimic the effect of average blood 
pressure, to all samples for 45 min at which point a zero mean sinusoidal cyclic strain 
was imposed with either monotonous stretch (MS) (n = 10) or variable stretch (VS) (n = 
9). MS consisted of a repeated sine wave with peak-to-peak amplitude of 30% and 
frequency of 3 Hz. VS, however, consisted of sine waves varying from cycle to cycle in 
peak-to-peak amplitude from 15% to 45% and in frequency from 6 to 2 Hz, respectively 
(Figure 5-1C). Thus MS explored a range of strains from 55% to 85%, while the range 
for VS was from 47.5% to 92.5%. The product of peak strain amplitude and frequency 
was held constant so as to maintain a constant strain rate. Fifteen minutes after the onset 
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of cyclic stretch aortic smooth muscle contraction was induced for 30 min via PSS 
containing 51 mM KCl. The high KCl PSS was washed out and the tissue continued to be 
exposed to MS or VS for 4 h, at which point another contraction was induced. In a subset 
of samples (n = 9), a third contraction was induced after incubation for an hour in 5 µM 
oligomycin A, an ATP synthase inhibitor. In another variation of the experiment (n = 8), 
blebbistatin was introduced to PSS at a concentration of 10 µM after the first washout, 
and was maintained in the solution for the subsequent 4 h of stretch and the second 
contraction. At low concentrations blebbistatin preferentially inhibits the activity of 
myosin II[104].  
5.2.3 Complex Modulus and Harmonic Distortion Index Calculations 
The force and displacement signals were transformed to stress (σ(t)) and strain 
(ε(t)) by accounting for the geometry of the tissue sample. The complex modulus was 
calculated for each cycle by taking the Discrete Fourier Transform of the time-domain 
stress (σ(t)) and strain (ε(t)) signals and was defined in the frequency domain according 
to the Equation 1, where i is the imaginary number and ω is the angular frequency.  
     ( )      ( )   
 ( )
 ( )
  Eq. (1) 
The storage (G’) modulus is the real component of the complex modulus (G*), 
representing the part of the stress signal that is in phase with strain. The loss (G”) 
modulus is the imaginary component of G* and represents the component of stress that is 
out of phase with strain. The value for G* was defined only at the input frequency of 
strain, thus for MS it was always taken at 3 Hz and for VS, it varied from 2 to 6 Hz. Since 
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G* is frequency and strain dependent in a nonlinear system, G* in VS could only be 
compared to MS at those cycles which had an input frequency of 3 Hz and equal strain 
amplitude. In order to quantify the nonlinearity of the system, a measurement of the 
harmonic distortion index (KD) was performed[119]. A nonlinear system produces energy 
at frequencies other than that of the input frequency, whereas a linear system does not. 
The harmonic distortion index is defined according to Equation 2, where PTOT is the total 
power output at all frequencies, while PNI is the power output at non-input frequencies. 
   √
   
    
       Eq. (2) 
Thus by definition a linear system has a KD equal to zero, but a nonlinear system 
produces power output at non-input frequencies.  
5.2.4 Statistical Analysis 
Data are reported as mean ± standard deviation. Raw values of G’, G”, and KD 
were compared using the student’s t-test for all comparisons made at the start of the 
experiment. All other raw or normalized comparisons were made using two-way repeated 
measures ANOVA with factors being the type of stretch and the contraction number. 
Results were taken as significant for p<0.05.  
 
5.3 Results 
5.3.1 Strain Variability 
Blood pressure in WKY rats varied from 80 to 121 mmHg (Figure 5-1A) with a 
mean of 101 mmHg, producing the strain distribution function (Figure 5-1B) with a mean 
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and standard deviation of 0.71±0.12. Blood pressure waveforms were approximated 
using sinusoids (Figure 5-1C) with MS exploring strains in the range of 55% to 85% and 
VS exploring a larger range of 47.5% to 92.5%. The range for the single sinusoidal MS 
was chosen as representative of physiological strain, while the range for VS included the 
less likely yet still physiologically relevant tails of the strain distribution.  
5.3.2 Force Measurements 
Representative force traces for two contractions are shown for MS and VS in 
Figure 5-2A and 2B respectively. Figure 5-2C shows the normalized force in which the 
second contraction was normalized by the first. VS maintained the contractile force 
(1.03±0.14) while MS decreased it by 20% (0.80±0.10) (p<0.001). The difference 
between MS and VS disappeared following the ATP-synthase inhibitor oligomycin A, 
reducing the force generated in both conditions. Likewise, blebbistatin, an inhibitor of 
myosin II, drastically decreased the contractility of the muscle in both stretch conditions 
eliminating the difference between MS and VS. The effects of both blebbistatin and 
oligomycin A are statistically significant (p<0.001).  
5.3.3 Storage and Loss Moduli 
Storage and loss moduli (G’ and G’’) were computed for every cycle throughout 
the experiment and example traces of the storage modulus are shown in Figures 5-2A and 
2B. Average storage and loss moduli were obtained in regions at baseline, at the peak and 
after relaxation of each contraction. Figure 5-3A shows G’ normalized by its value in the 
relaxed region of the first contraction at the start of the experiment. Raw G’ values were 
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133±10 kPa for MS and 127±16 kPa for VS and showed no significant difference at the 
outset of the experiment (p = 0.34). As expected G’ increased during contraction by about 
30%, but the values between MS and VS were within 3% and did not show any 
differences at the peak of the contraction or after relaxation for either the first or the 
second contraction (Figure 5-3A). Raw G” values were 12.5±1.5 kPa for MS and 
12.5±1.3 kPa for VS at the start of the stretching protocol and likewise did not show any 
significant differences (p = 0.90). Normalized G” increased by ~35% during contraction 
but there were no differences between MS and VS at any of the comparable time points 
(Figure 5-3B). There was, however, a statistically significant difference in G” between 
the first and the second contraction of about 13% for both MS and VS (p<0.001). The 
effects of oligomycin A and blebbistatin were significant for both G’ and G” as was the 
case with contractile force (p<0.001). Both inhibitors reduced the stiffening of the aorta 
during contraction.  
5.3.4 Force to Stiffening Ratio 
Figure 5-6 summarizes the findings for both force and stiffness during MS and 
VS including the effects of inhibitors. The normalized change in force is plotted against 
the normalized change in G’ for the two contractions, showing a change in the ratio of the 
increase in force to stiffening during contraction. Oligomycin A reduces the amount of 
ATP produced, eliminating the difference in force generation between MS and VS and 
leading to an overlap of force to stiffening ratio during MS and VS. Likewise, 
blebbistatin eliminates the differences between MS and VS by influencing contraction 
and cytoskeletal reorganization via myosin II inhibition. Furthermore, blebbistatin not 
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only drastically reduces the force and stiffness during the second contraction, but also 
reduces the ratio between the two from about 1:1 to 1:2. 
5.3.5 Nonlinearity of Tissue Stiffness 
The nonlinearity of tissue stiffness was assessed using the harmonic distortion 
coefficient KD, which increases when the nonlinearity of the stress-strain curve increases, 
that may result from cytoskeletal reorganization of contractile cells[120]. Raw 
measurements of KD for MS (2.63±0.83 %) and VS (2.67±0.43 %) did not show 
significant differences at the beginning of the experiment when the muscle was in a 
relaxed state (p = 0.90). The KD changes due to contraction shown in Figure 5-3C were 
normalized by these initial raw values. Comparing the normalized values at the peak of 
contraction, there is a noticeable increase of 15% from the first to the second contraction 
during MS, while the increase during VS is only 5%. Two-way ANOVA performed on 
raw KD values showed no dependence on the type of stretch, but a significant dependence 
on contraction number (p<0.001). Using the normalized KD values makes the difference 
more apparent but also shows a significant interaction between the type of stretch and 
contraction number (p=0.02).  If we normalize the second contraction by the first (Figure 
5-7) we see a clear separation of KD values being greater for MS than VS throughout the 
time course of the contraction (p<0.001). As with G’ and G”, oligomycin A and 
blebbistatin remove the effects of the type of stretch on KD (Figures 5-4C and 5-5C).  
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5.4 Discussion 
Fluctuation-driven mechanotransduction (FDM), in which the ever present 
fluctuations in stresses and strain in an organ influence cell function, may be a general 
phenomenon in mechanobiology[40]. The purpose of this study was to evaluate whether 
FDM affects the main functions of vascular wall, namely, force generation and wall 
stiffness.  To this end, we quantified the level of variability in aortic strain in WKY rats 
at physiologically normotensive blood pressure conditions and applied both variable and 
monotonous strain patterns to excised thoracic aortae. The force generated by the aorta 
was measured and stiffness was calculated on a cycle-by-cycle basis during a 4 h 
stretching period. In doing so, we determined the following: 1) Variable stretch maintains 
normal contractility compared to monotonous stretch for the same level of stimulus, 2) 
Stiffness does not depend on the type of stretch despite differences in force generation, 3) 
Stiffness nonlinearity as measured by the harmonic distortion coefficient is equal 
between the MS and VS at baseline, but the increase during contractions is higher in MS, 
4) Variability in strain alters the force generation to stiffness ratio.  
5.4.1 Myogenic Potentiation 
While maintaining equal mean strain, we demonstrated that during contraction, 
VS can produce higher forces than MS while maintaining equal aortic stiffness. Smooth 
muscle force generation is influenced by both muscle length and length oscillations[53], 
[121]. Recently, we reported that the increase in force in VS relative to MS was due to an 
increase in ATP content and production; however, several other mechanisms could 
potentially contribute to the difference[16]. For example, Seow showed in rabbit carotid 
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arteries that light to moderate length oscillations potentiate force generation in future 
contractions with a peak around 13% strain, while large oscillations have the opposite 
effect[53]. Thus the difference in force generation between VS and MS could be due to 
increases in myogenic potentiation caused by the larger strains explored in VS. 
Alternatively, the preparation time and the 45 min static stretch may have conditioned 
VSMCs in the aorta such that only VS could recover normal vascular contractility during 
4 h of stretch. In order to compare the amplitude of oscillations in Seow’s study to our 
experiments, we assume that the reference length used by Seow occurs at 100% strain. As 
such, we applied oscillations of 15% for MS and a range from 7.5% to 22.5% for VS 
relative to reference length. Since the range of length oscillations explored by VS occur 
on both sides of the myogenic potentiation maximum we can assume that myogenic 
potentiation does not contribute to the different forces generated during MS and VS. 
Furthermore, even at its peak myogenic potentiation only increases the force generated 
by 10%, whereas we see a difference of 20% between force generated during MS and 
VS. Thus, it is more likely that the downregulation of ATP production rate by MS is 
responsible to for the observed reduction in contractility in the current study suggesting 
that FDM plays a critical role VSMC function[16]. 
5.4.2 Length Adaptation Comparison 
Smooth muscle is known to have length-adaptive properties, which are 
hypothesized to result from the dynamic modulation of the contractile and cytoskeletal 
networks[122]. Although in our protocols the mean strain on the aorta was equal for all 
conditions, the difference in force generated coupled with no changes in stiffness 
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between MS and VS could seemingly be explained by changes in muscle length. Wu and 
Gunst reported that the ratio of force generation to stiffening in tracheal smooth muscle 
decreased when contractions were induced at a lower muscle length[121]. Furthermore, 
they found that stiffness could be reduced by stretching the muscle up to the original 
length. Similarly, we find that the ratio of force generation to stiffening decreases during 
MS compared to VS (Figure 5-6). Wu and Gunst hypothesized that the actin network at 
lower muscle lengths adapts, forming more parallel pathways that persist during the 
contraction leading to an increase in stiffness. A similar reorganization of the 
cytoskeleton could explain the force generation to stiffness ratio changes between MS 
and VS. The larger strains explored by VS could potentially disrupt the cytoskeletal 
network leading to a lower stiffness at equal forces, while the increase in ATP levels 
could lead to an increase in the number of phosphorylated myosin generating a higher 
force.  
5.4.3 Stiffness Nonlinearity and Polymerization 
With an increase in parallel pathways, we would expect to see a decrease in the 
harmonic distortion coefficient for elements with nonlinear stress-strain relationships as 
described by Ito et al[120]. Thus, if the length adaptation comparison held true, MS 
should represent a shorter muscle with more parallel pathways resulting in a lower 
harmonic distortion coefficient. We, however, observe a greater increase in harmonic 
distortion coefficient for MS than for VS (Figure 5-7), suggesting that VS has more 
parallel pathways while also generating a greater force. This observation could 
potentially be explained by actin polymerization, which is known to occur during smooth 
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muscle cell contraction and to contribute to force generation[123]. A greater degree of 
actin polymerization driven by a higher ATP production rate during VS should both 
increase the force and decrease KD. Here we do not consider the effects of non-contractile 
elements of the cytoskeleton or focal adhesion dynamics, which could also lead to a 
change in KD.  
5.4.4 Limitations 
Limitations of this study result from the experimental setup for measuring aortic 
and VSMC mechanical properties, which are known to vary from in vitro to in situ and in 
vivo conditions[45]. While in vivo the aorta experiences longitudinal and circumferential 
strain, we only explore the effects of variability in circumferential strain and leave the 
longitudinal boundary unconstrained. Likewise, the contributions of shear-stress induced 
mechanotransduction signals of the endothelial layer are overlooked as we do not 
simulate flow in our experiments[81]. These limitations are the result of sacrifices made 
in order to measure force and stiffness during controlled circumferential strain. 
5.4.5 Implications for Stiffness Regulation by VSMCs 
The major finding of this study is that even with an equal mean strain, strain 
waveform variability can alter the relationship between force-generation and stiffening of 
the aorta during contraction, which could have implications on the control of aortic 
stiffness for both in vitro experiments and in vivo. Firstly, this result points to a 
ubiquitous yet experimentally overlooked feature of the mechanical environment of the 
aorta whose dynamic nature due to normal blood pressure variability affects VSMC 
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contractility. Secondly, the changes in strain variability, due to increased blood pressure 
and its variability in patients with hypertension and aging may alter the mechanical 
properties of the aorta further disrupting its homeostatic mechanical environment[47]. 
The classical view that aortic stiffness can be mostly attributed to the ECM has recently 
been challenged by recent studies, showing that VSMCs contribute substantially to the 
stiffness of the aorta and play an important mechanical role in aging and 
hypertension[31]–[33]. Gao et al. showed that VSMCs contributions to wall stress and 
stiffness are under persistent control of endothelial NO levels and have the ability to 
increase aortic stiffness up to 100% in the absence of NO[33]. Similarly, Sehgel et al. 
showed that VSMCs become stiffer in cases of hypertension[31], [32]. While the results 
presented here do not show changes in stiffness due to the type of stretch, they should be 
considered in the context of a difference in force generation. VSMCs are important in 
keeping the homeostatic mechanical environment of the vessel wall by contracting or 
relaxing to keep an appropriate wall shear stress on the endothelial layer, as well as 
maintaining wall tension[4], [116]. Thus, in this context, changes in the force generation 
to stiffening ratio could challenge the ability of the VSMCs to maintain both shear stress 
and wall tension. For example, a monotonously stretched sample cannot achieve the same 
active force and stiffness as the variably stretched sample. If wall tension is to be 
maintained at the level of VS then the MS sample would have to receive a larger stimulus 
to contract, but in doing so would have to stiffen up more. Conversely, if wall stiffness is 
to be maintained at the level of VS then the MS sample would not generate as much 
force, which may in turn result in the endothelial layer being exposed to a lower shear 
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stress due to the lower aorta caliber. VSMCs have also been shown to contribute 
substantially to aortic stiffness during the acute phase of hypertension before cells have 
the time to produce more ECM[44], [45]. Fridez et al. hypothesized that smooth muscle 
contraction in fact improves function of the artery by increasing the Windkessel effect 
and reducing systolic hypertension. By decreasing the force to stiffness ratio during 
contraction, the smooth muscle’s ability to compensate during the acute phase of 
hypertension may diminish, leaving the ECM as the main determinant of aorta 
mechanics. Therefore, we propose that cycle-by-cycle variability in strain due to the 
corresponding fluctuations in blood pressure plays an important role in vascular 
homeostasis. 
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5.5 Figures 
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Figure 5-1. Variability in blood pressure and strain. 
 (A) Blood pressure varies from cycle to cycle as evidenced by traces recorded for up to 
20 min. (B)  Aortic strain was calculated by interpolating the blood pressure waveform at 
each time point according to a known aortic pressure-radius relationship. The probability 
density function of strain shows an average strain of 0.71. (C) Subsequently, to test the 
effect of cycle to cycle variability, a static strain of 70% was applied to excised aorta 
samples while cyclic strains were superimposed in two different conditions: 1) 
monotonous stretch (MS, solid grey line) consisted of a repeated sinusoid with a peak-to-
peak amplitude of 30% and a frequency of 3 Hz while 2) variable stretch (VS, dashed 
black line) had peak strains drawn from a uniform distribution between 15% and 45% 
and explored frequencies between 2 and 6 Hz. Strain rate was kept constant by 
maintaining the product of strain and frequency constant. The range of strains explored 
by MS and VS is represented in (B) by the solid grey and dashed black lines, 
respectively.  
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Figure 5-2. Sample force and stiffness traces for MS and VS. 
(A) Average force and storage modulus for each cycle are plotted for the length of an 
experiment featuring monotonous stretch, which was imposed after a 45 min stress-
relaxation period. Fifteen minutes later the first contraction was induced for 30 min using 
51 mM KCl, followed by washout, 4 h of stretching and a second contraction. In a subset 
of experiments a third contraction was induced following an hour-long incubation with 
oligomycin A. (B) Average force and storage modulus for each cycle during variable 
stretch. C) The forces generated by the second and third contractions were normalized by 
the first contraction for each sample. There is a significant difference between MS (n = 
10) and VS (n = 9) (p<0.001) in the no inhibitor condition, but not in the presence of 
oligomycin A or blebbistatin. The effects of oligomycin A (n = 8) and blebbistatin (n = 8) 
are significant (p<0.005).  
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Figure 5-3. Storage modulus, loss modulus and KD during MS and VS. 
(A) Storage moduli normalized by their value measured at baseline before the first 
contraction. (B) Loss moduli normalized by their values at baseline for each contraction. 
(C) Normalized harmonic distortion coefficient KD increases at peak contraction relative 
to the baseline and returns to baseline value after washout.  
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Figure 5-4. Storage modulus, loss modulus and KD during MS and VS with 
oligomycin A. 
(A) Storage modulus values for contractions in the presence of the ATP-synthase 
inhibitor oligomycin A, normalized by the initial baseline. (B) Normalized loss modulus 
values for each contraction in the presence of the inhibitor oligomycin A. (C) Normalized 
harmonic distortion coefficient KD increases at peak contraction relative to the baseline 
and returns to baseline value after washout.  
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Figure 5-5. Storage modulus, loss modulus and KD during MS and VS with 
blebbistatin. 
(A) Storage modulus values for contractions in the presence of the myosin II inhibitor 
blebbistatin, normalized by the initial baseline. (B) Normalized loss modulus values for 
each contraction in the presence of the inhibitor blebbistatin. (C) Normalized harmonic 
distortion coefficient KD increases at peak contraction relative to the baseline and returns 
to baseline value after washout.  
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Figure 5-6. Normalized stiffness versus normalized force during MS and VS. 
For each condition the mean and standard deviation are plotted of the change in force and 
stiffness of the second contraction normalized by the changes in the first contraction.  
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Figure 5-7. KD versus time during contraction. 
Normalized KD following KCl challenge is greater during MS (closed circles) than VS 
(open circles) (p<0.001). VS shows higher variation over time intervals during baseline 
and contraction compared to MS, which could be indicative of increased cytoskeletal 
disruption during VS.  
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CHAPTER 6. Conclusions 
 
6.1 Scientific Contributions 
 The goal of this thesis was to explore the effects of variable stretch on 
mitochondrial function with its contribution to cellular and tissue behavior such as 
contractility. In order to visualize mitochondria and their membrane potential during 
stretch, we first had to develop the tools to do so. We designed, built and validated an 
equi-biaxial cell stretching device that can be used with both upright and inverted 
microscopes to image subcellular structures. While many cell stretching devices exist, 
few are designed for simultaneous imaging and those that are cannot be used with upright 
microscopes. Using an inverted microscope allows us to use high magnification 
objectives up to 60X, increasing the image resolution of microscopic organelles. The 
device also features high accuracy and precision in delivering strain area compared to 
both custom and commercial devices due to the ball bearing indentation mechanism. 
Since substrate stiffness is an important mechanical stimulus for adherent cells, we also 
added a NuSil gel, whose stiffness can be tuned by changing the ratio of polymer to 
crosslinker. By adding beads to the surface of the gel we can measure cell traction forces. 
Unlike other systems that can apply stretch while measuring traction forces, our device 
can stretch cyclically up to 40% due to the resilience of the NuSil gel. Thus the device 
improves on existing cell stretching devices and incorporates a novel gel, which can be 
used to both tune the substrate stiffness and to measure cell traction. This device is useful 
for studying any of the multitudes of cell types that are subjected to equi-biaxial strain in 
vivo. Our device offers a unique tool for exploring important questions of general 
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mechanobiology.  
 Applying variable stretch to lung fibroblasts and intact aortae, we demonstrated 
that mRNA expression and VSMC contractility are dependent on fluctuations in 
mechanical stimuli, which contribute two novel findings. First, the amount of variability 
in cyclic stretch can modulate the expression of mRNA that codes for essential proteins 
necessary for cell contractility, adhesion and regulation of the ECM. An optimal level of 
variability may exist that enhances cell function. Second, increased mitochondrial 
potential during variable stretch at the cell level translates into higher force generation at 
the level of the aorta. This suggests that studying mechanotransduction in terms of mean 
amplitude and frequency of stretch is incomplete because fluctuations in stretch appear to 
have far-reaching consequences on cell behavior.  
 Finally, the findings in this thesis have implications beyond cell culture and may 
impact how blood pressure is regulated in the body. In Chapter 5 we demonstrate that 
variable stretch changes the relationship between force and stiffness compared to 
monotonous stretch. This finding is important because smooth muscle in the vasculature 
can contract or relax in order to maintain desired blood pressure and wall tension. Recent 
studies have implicated VSMCs as significant contributors of stiffness in the aorta and 
identified it as possible target for treatment of hypertension[31]–[33]. Since variable 
stretch has an impact on aortic mechanical properties it stands to reason that improved 
control of BPV, which is known to correlate with aortic stiffness and cardiovascular 
disease, may be a target for treatment of hypertension[14]. For example, treating 
hypertension with calcium channel blockers can result in a decrease in both mean blood 
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pressure and BPV[124]. In conclusion, this thesis describes how physiologically varying 
mechanical fluctuations imposed on cells are transduced into mitochondrial function, 
which in turn has implications for contractility and material properties of smooth muscle 
and the vasculature.  
 
6.2 Recommendations for Future Investigations 
 As previously established, mechanical fluctuations in strain can affect 
mitochondrial clustering and membrane potential. Additional experiments in our lab have 
demonstrated that strain variability has an effect on mitofusin-1 and mitofusin-2, proteins 
essential for mitochondrial fusion[16]. Using the device developed in Chapter 3, 
individual mitochondrial clusters can be tracked with intermittent stretch to visualize 
fission and fusion events. While this was attempted in the current thesis, minor technical 
problems such as dye instability and bleaching made it difficult to track the same clusters 
during 20 min experiments. More accurate fission and fusion monitoring can be 
performed by incorporating imaging techniques from Shirihai et al. who use 
photoactivatable GFP and have demonstrated the ability to track mitochondrial clusters 
for long periods of time[125]. Our stretching device can be used with both upright and 
inverted microscopes so this technique could be incorporated with ease. Additionally, 
transfecting VSMCs with actin-GFP or tubulin-GFP BacMam, one could colocalize 
fission events with cytoskeletal elements to determine how stretch contributes to network 
dynamics.  
 We demonstrate the feasibility of a technique to simultaneously stretch and image 
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cells while also being able to measure traction forces generated by the cell. The 
advantage of this technique is the ability to stretch cyclically up to 40% area strain while 
maintaining an intact gel. The next step would be to use this technique to verify that 
individual VSMCs respond to VS in the same way as the intact aorta. Correlating a 
traction map of the cell with the mitochondrial network may produce interesting novel 
findings about the location of energy production and consumption.  
 The goal of this thesis was to prove that strain variability has an effect on 
mechanotransduction; however, the question remains whether an optimal level of 
variability exists that dictates cellular behavior, as seen in mRNA expression of several 
proteins involved in mechanotransduction. For example, optimum strain variability exists 
for maximal secretion of surfactant in alveolar type II epithelial cells[15]. Future work 
should explore different levels of variability, including pathological levels. Having 
demonstrated that variability in strain can produce changes in force and stiffness 
relationship of vascular smooth muscle, the logical progression of this work would be to 
apply it to cases of hypertension featuring increased BPV. In fact, a few pilot experiments 
were performed using aortae from spontaneously hypertensive rats (SHR), but the strain 
and variability values used were the same as in WKY rats, making the results difficult to 
interpret[16]. In order to obtain reliable strain and strain variability values, continuous 
blood pressure measurements should be made in SHR rats and the aortic pressure-radius 
curves should be characterized. Using both normal and pathological levels of strain 
variability on WKY and SHR rats may lead to identification of how smooth muscle 
contractility and stiffness change in hypertension. These steps could in turn lead to 
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targeting either the source of mechanical fluctuations or smooth muscle contractility for 
treatment of hypertension. Furthermore, these studies consider only beat-to-beat 
fluctuations and did not explore longer time scales of strain variability on which BPV 
occurs in hypertension. Longer studies may necessitate in vivo stimulation of BPV rather 
than in vitro as performed here. Finally, the true blood pressure waveform is considerably 
different from the sinusoidal stretch applied here and causes significantly higher strain 
rates. Since aortic tissue is viscoelastic it is important to explore the effects of true strain 
rates generated by blood flow. 
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APPENDIX 1: A novel device to stretch multiple tissue samples with variable 
patterns: Application for mRNA regulation in tissue-engineered constructs 
 
A1.1 Introduction 
 
Many cell types are sensitive to their mechanical environment. Hence, essential 
cell functions are influenced by the physiological levels of mechanical forces cells 
experience within the body [5].  Primary examples of mechanical stimuli on cells are 
found in the respiratory and circulatory systems, where pressures due to tidal breathing 
and cardiac output, respectively, impart stretches on adherent cells. Most studies related 
to how cells respond to mechanical forces, mechanotransduction, have examined cells in 
isolation and focused on static and simple sinusoidal stretching patterns [82], [86], [126]–
[128]. However, cells in the body are subject to irregular and varying mechanical stimuli.  
In the respiratory system in particular, tidal breathing varies considerably in both 
frequency and amplitude [129], resulting in cell stretches that simple sine waves of 
constant amplitude and frequency do not reproduce. 
Recently, there has been interest in the effects of irregularly varying mechanical 
stimuli on cell function.  In particular, it has been shown in type II alveolar epithelial 
cells in culture that adding variability to the stretching stimulus can result in an increase 
in surfactant secretion [15]. The stretch pattern applied to the epithelial cells randomly 
varied from cycle to cycle in both frequency and amplitude, but had the same mean 
frequency and amplitude as a constant sinusoidal pattern.  Different levels of variability, 
defined as the interval around the mean from which random amplitudes were chosen, 
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showed distinct levels of surfactant secretion.  However, a limitation of this study was 
that these experiments were performed in two-dimensional cell culture rather than with a 
three dimensional tissue or construct.  While various stretching devices have been 
designed [130], [131], to our knowledge, devices that can accommodate tissues have not 
been able to provide variable stretch patterns such as those found in the body.  In order to 
further explore the effects of variable stretch on the function of a broader range of cells it 
is necessary to develop the tools to apply this type of stretch to three dimensional tissues 
and tissue-engineered constructs. 
The primary purpose of this study was to design, build and test a uniaxial 
stretching device capable of delivering cyclic variable stretch to tissues and constructs in 
a controlled environment.  Furthermore, we aimed to develop a multi-well tissue stretcher 
in order to be able to simultaneously stretch several samples that would provide for rapid 
experimental testing of novel hypotheses related to mechanotransduction. To this end, we 
developed such a system and used it for preliminary testing of the effects of variable 
stretch on mRNA expression of several intracellular and extracellular matrix (ECM)-
related molecules in a collagen-based construct (Gelfoam) seeded with neonatal rat lung 
fibroblasts.  
 
A1.2 Methods 
A1.2.1 Tissue Stretching Device 
A uniaxial stretching device was designed and built to deliver mechanical stimuli 
to native tissue or construct samples (Figure A1-1A).  The device, which measures 20 x 
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24 x 14 cm, is compact and can be placed inside a cell incubator so as to provide the 
appropriate environmental conditions such as temperature, humidity and CO2.  The 
device consists of six wells, each of which can accommodate one sample. The wells 
measure 5 x 2 x 1 cm, and can accommodate up to 9 ml of media depending on the size 
of the sample.  The six samples can be stretched simultaneously providing identical 
stretch to each sample or several samples can be held at a fixed strain and serve as 
controls. The tissue samples are secured within the wells on both sides by stainless steel 
clamps (Figure A1-1B).  The clamps consist of two parts:  the top part snap fits onto the 
rods while the bottom part is joined to the top part by a stainless steel screw, securing the 
tissue between the two parts.  One side of the clamps remains fixed, while the other can 
travel on a linear motion guide.  The travel of the clamps, and thus the stretch of the 
tissue sample, is controlled by a linear actuator (Size 14 Linear Actuator, Haydon Kerk 
Motion Solutions, Waterbury, CT) powered by a stepper motor that has a minimum step 
size of 25.4 µm.  The stroke of the actuator is 2.54 cm, which is the maximum stretch that 
can be applied to any sample. 
The linear actuator is controlled by custom-built Labview software that delivers 
step and direction pulses to the actuator via a Labview DAQ (Labview DAQ 6221, 
National Instruments, Austin, TX).  The amplitude and frequency of stretch are 
controlled by the input of the corresponding step and direction signals delivered via the 
DAQ.  The device can deliver static as well as cyclic stretching of the tissue sample.  
Furthermore, by delivering appropriate stretching signals, the device can deliver 
stretching with cycle-by-cycle variability. 
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A1.2.2 Calibration of the Device 
The device was calibrated by ensuring that the linear actuator traveled the 
specified distance, and therefore applied the correct strain to the tissue sample.  The 
distance between a stationary point on the device and the linear motion guide was imaged 
during stretch (DSC-T70, Sony) and the travel distance was measured via MATLAB 
software developed in the laboratory.  The device was imaged under different amplitudes 
and frequencies to verify the ability of the actuator to deliver the correct travel distances.  
Likewise, the ability of the actuator to be consistent over time was measured by 
comparing the initial and final cycles of a three-hour long stretch. 
A1.2.3 Cell Culture and Gelfoam Seeding 
The protocol was approved by the Boston University IACUC. Neonatal rat 
pulmonary fibroblasts (NNRLF) were isolated from 2-3 day old Sprague-Dawley rats and 
were cultured in Dulbecco's modified Eagle's medium (DMEM) with 5% fetal bovine 
serum (FBS), 1% penicillin/streptomycin antibiotic cocktail, 1% sodium pyruvate and 1% 
nonessential amino acids.  The cells were cultured in flasks for one week before being 
seeded on Gelfoam constructs. 
Gelfoam constructs (Pharmacia & Upjohn, New York, NY) were cut into 4 cm x 
1 cm x 0.3 cm pieces the day before seeding and were equilibrated in NNRLF medium 
overnight prior to seeding.  The constructs were seeded by spot pipetting 250,000 cells 
over the entire 4 cm x 1 cm surface.  Samples were then placed in an incubator for 2-3 h 
and then into centrifuge tubes containing NNRLF medium.  The medium was changed 24 
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h after seeding and at 3 day intervals thereafter.  The constructs were cultured for 8 days 
before stretching. 
A1.2.4 Stretching Protocol 
Gelfoam constructs were stretched on the 8
th
 day following seeding without 
changing the medium.  Samples were attached to the device using the special clamps and 
the stretching was performed on six samples simultaneously.  Two unstretched constructs 
were maintained as controls for each day.  The two types of stimuli delivered were 
monotonous cyclic and variable cyclic stretch.  Variable stretch delivers a sequence of 
sinusoids in which each cycle has a different strain amplitude (ε) and frequency (f).  Here 
we defined the variability of the stretch signal to be an interval described by the 
percentage of the mean strain; thus, a signal with a mean strain of 20% and an imposed 
variability of 25% would deliver peak strains in each cycle in the range of 15 to 25% with 
equal probability.  The corresponding strain and frequency were fixed by the equation εf 
= C, such that a larger peak strain would have a smaller frequency resulting in a constant 
strain rate. 
All stretched conditions received an average strain amplitude of 20% at an 
average frequency of 0.2 Hz.  In total, there were four conditions: (1) monotonous 
stretch, which corresponds to 0% variability, and consists of a single repeated sinusoidal 
stretch at 20% strain (2) 25% variability, (3) 50% variability and (4) 75% variability.  All 
stretches were applied for three hours.  Following stretching, the samples were removed 
from the wells and cut from the clamps.  Only the portion of the sample that experienced 
stretch was collected for analysis. 
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A1.2.5 mRNA Expression 
All Gelfoam samples were collected for total RNA purification immediately 
following stretching.  The samples were washed using PBS and then cut into smaller 
pieces with scissors.  Two samples of the same condition were combined into one to 
obtain enough RNA for analysis.  A previously described protocol was used to extract the 
total RNA from the cut pieces. 
To remove genomic DNA, the RNA samples were incubated with RNase-free 
DNase I (New England BioLabs, M0303S) in conjunction with the use of an RNase 
inhibitor (Life Technologies, N808-0119).  The cDNA was prepared by annealing the 
RNA with random hexamer and oligo dT primers and allowing the first strand synthesis 
to be carried out with MuLV reverse transcriptase (Life Technologies, N808-0234).  No 
reverse transcriptase was used in the negative controls.  An Applied Biosystems 7300 
Real-Time PCR system was used to carry out real-time PCR analysis.  ABI TaqMan gene 
expression assays for rat collagen 1α (Rn00801649-gl), elastin (Rn01499782-m1), lysyl 
oxidase (Rn00566984-m1), α-smooth muscle actin (Mn01546133-m1), VEGF 
(Rn01511605-m1), syndecan-4 (Rn00561900-m1), β1 integrin (Mn01253227-m1), and 
β3 integrin (Rn00596601-m1) were used as target probes.  Eukaryotic 18 S rRNA 
(4308329) was used as an endogenous control.  Standard cycling parameters of 50°C for 
10 min, 95°C for 2 min, and 40 cycles of 95°C for 15 s and 60°C for 1 min were 
completed.  Data were analyzed with the ΔΔCT method with 18 S rRNA as the 
endogenous control. 
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A1.2.6 Statistical Analysis 
Data are presented as mean ± standard deviation for each group.  Data were 
analyzed using one-way ANOVA and differences between groups were considered 
statistically different for p < 0.05. 
 
A1.3 Results 
A1.3.1 Device Characterization 
Figure A1-2A shows the relationship between the input and output distances for 
cyclic stretches performed at 0.5 Hz.  The linear fit has a slope of 0.977 and an R
2
 of 
0.999 thus showing that the output distance was consistent and linearly related to the 
input distance over the entire range of the actuator stroke.  Figure A1-2B shows the 
dependence of the output distance on frequency, ranging from 0.1 to 2 Hz.  The output 
distance remained within 2% of the desired distance (5 mm) for all tested frequencies.  
The repeatability of the stretch is shown in Figure A1-2C, where the solid line represents 
the stretch waveform at the beginning of a three-hour stretch while the stars indicate the 
waveform at the conclusion of the stretch.  The desired cyclic stretch had a frequency of 
0.1 Hz and amplitude of 5 mm.  The two curves are nearly identical, showing that the 
motion of the actuator was reproducible over the length of the experiment.   
A1.3.2 mRNA Expressions 
Mechanotransduction involves the translation of forces from the extracellular 
space into the cell leading to cellular response.  To determine how variable stretch might 
  115 
modulate cell function we evaluated the relative expression of important ECM 
components (type 1 collagen, and lysyl oxidase (LOX)), cell surface ECM receptors 
(integrins and syndecan 4), a critical cytoskeletal component (α-smooth muscle actin) and 
vascular endothelial growth factor-A (VEGF) involved in maintaining cell viability and 
stimulating tissue repair. The expression level of each mRNA was evaluated at 0, 25, 50, 
and 75% variability.  The monotonous sinusoidal (0% variability) condition had a sample 
size of 9, while all other conditions had a sample size of 3.  Figure A1-3 shows the 
relative mRNA expressions of collagen 1α and LOX for increasing levels of variability.  
Both collagen 1α and LOX mRNA levels were elevated with increased variability and 
this was statistically significant among the groups with p = 0.033 for collagen 1α and p = 
0.034 for LOX. 
The relative expression of mRNA for α-actin and VEGF are shown in Figure A1-
4.  Both molecules exhibited a decreasing trend in expression at 25% variability in strain.  
The dependence of α-actin on variability was statistically significant among the group (p 
= 0.039), whereas VEGF nearly reached statistical significance (p = 0.066). 
The expression of cell surface ECM receptors syndecan-4, β1 and β3 integrins is 
shown in Figure A1-5.  Although β1 and β3 integrins did not show a statistically 
significant difference among groups (p = 0.075 and 0.260 respectively), syndecan-4 
displayed a strong difference among groups (p = <0.001).  Furthermore, the mRNA level 
at 25% variability was different from the 0%, 50% and 75% variability conditions and the 
0% variability condition was also statistically different from the 50% and 75% variability 
groups. 
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A1.4 Discussion 
Cells in the body receive mechanical stimuli caused by the stresses and strains of 
locomotion, breathing, and due to various other physiological activities such as the heart 
pumping blood.  The deformations that cells are exposed to are always irregular. For 
example, both the tidal volume of breathing [129] and the ejection volume by the heart 
vary from cycle to cycle [132]. Consequently, the mechanical stimuli that cells are 
exposed to within the ECM of the lung and the blood vessels also vary from cycle to 
cycle. Thus, it is likely that cells are tuned to recognize and respond to these variable 
mechanical inputs. In order to determine how such variability in strain might affect the 
expression of key ECM and cell related molecules, we designed, built and tested a 
uniaxial stretching device that can mechanically stimulate up to six tissue pieces or 
constructs at a time, delivering cycle to cycle variability.  Although similar uniaxial 
stretchers exist in the literature [130], [131], this is the first study to apply cycle-by-cycle 
variability in strain and frequency.  In this study, we developed a device that is robust and 
can deliver reliable strains for long durations in the controlled environment of a cell 
incubator. Additionally, our preliminary exploration with the device suggests that 
variable stretch patterns can influence the expression of mRNA for several key molecules 
known to play important roles in cell-ECM interactions. 
A1.4.1 Device Characteristics 
Although several uniaxial stretchers have been introduced some of which are also 
commercially available, this is the first device to allow the user to apply variability of 
strain on a cycle-by-cycle basis.  Our stretcher is designed as a high throughput system 
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that can stretch up to six samples under the same mechanical conditions while allowing 
for different biochemical conditions in different wells.  Our system is ideal for 
biochemical analysis of cells and ECM in mechanically stimulated tissues and constructs. 
Commercially available systems such as LigaGen by Tissue Growth Technologies or 
ElectroForce BioDynamic Test Instruments by Bose cannot accommodate as many 
samples simultaneously and therefore require multiple experiments to achieve the same 
sample number. Such repeated experiments can increase the inter-sample variability of 
the data potentially requiring a further increase in sample number. The stretcher 
developed by Kluge et al. features multiple wells but also uses multiple actuators to 
deliver the strain [131]. A disadvantage of our current system is the lack of force 
transducers, which prevents us from acquiring stress and stiffness data. The purpose of 
this device, however, was to be able to measure the biochemical response of multiple 
samples to mechanical stimulation. Moreover, the addition of force transducers to each 
well is still possible if deemed necessary.  Nevertheless, it is not expected that significant 
deposition of the major structural molecules such as the collagens would occur during our 
short term stretching and hence the stiffness of the samples is not likely to increase by the 
end of the protocol used in this study.  
Our system features the following important design considerations: 1) the 
stretcher size and material composition allow it to be placed inside the controllable 
environment of an incubator; 2) the system can be easily sterilized using ethanol or UV 
light; 3) having six wells increases the sample number over current systems and also 
allows for simultaneous mechanical stimulation under different biochemical treatment 
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conditions; 4) the system is flexible and can also be set up such that any of the samples 
receive static or no stretch while the rest of the samples undergo cyclic stretch; 5) the 
actuator can stretch up to 2 cm allowing a large range of strains; 6) the mechanism for 
clamping the samples allows easy and reliable mounting of tissues and constructs; and 7) 
the well size is minimized in order to concentrate any proteins released by the cells as 
well as to reduce the amount of reagents used in certain conditions. 
A1.4.2 mRNA Expression 
 The molecules chosen for mRNA analysis are integral to controlling the 
mechanical environment of cells in the ECM as well as the cells’ own mechanical 
properties. For example, cells can regulate the stiffness of their environment by 
depositing type I collagen, an important structural protein of the ECM [133], [134]. LOX 
catalyzes the crosslinking of collagen and therefore can also regulate the stiffness of the 
ECM[135].  Syndecan-4, β1 integrin and β3 integrin are membrane-bound receptors that 
function as ECM receptors transducing signals from the ECM into the cell [136], [137] 
whereas α-actin is a protein that is required for contractile force generation and also 
contributes to the stiffness of the cell [138].  Finally, VEGF is a signaling protein that 
cells produce to enhance local cell viability and to promote vasculogenesis and 
angiogenesis [139].  Mechanical stretch delivered as a cyclic monotonous waveform has 
been found to influence many molecules [140]. For example, the mRNA expression of α1 
procollagen was shown to be upregulated by stretch on elastin and laminin coated 
membranes but not on fibronectin [126]. Mechanical stresses were shown to dynamically 
regulate syndecan-4 expression and relocation on cell surface [141]. Additionally, 4 h of 
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uniaxial cyclic stretch was found to up-regulate the expression of integrin β3 in human 
umbilical endothelial cells, which may enhance their ability to adhere to the vessel wall 
[142]. 
Our data obtained using the device in this preliminary investigation, however, 
suggest that mRNA expression of most of studied molecules is also sensitive to the 
introduction of variability with some molecules being upregulated while others 
downregulated.  In particular, in fibroblasts seeded in collagen-based gelfoam constructs, 
actin mRNA production decreased at 25% variability, but recovered at larger levels of 
variability whereas syndecan-4 showed peak expression at 25% variability. The mRNA 
expression of collagen and LOX increased above control levels for larger levels of 
variability.  The mRNA of VEGF and β1 integrin nearly reached significance with 
variability that may be achieved with a larger sample size. The only molecule whose 
mRNA expression did not show signs of sensitivity to variability was β3 integrin. Thus, 
there appear to be multiple and sophisticated mechanisms in place for cells to sense and 
respond to variable stretch-induced mechanical stimulation.   
The most interesting result was observed with syndecan-4 mRNA, which also 
showed the strongest statistically significant differences among the different levels of 
variability.  Syndecan-4 mRNA displayed a distinct peak in production at 25% 
variability, which then decreased at increasing levels of variability.  In their paper on 
surfactant secretion, Arold et al. also showed a peak in surfactant secretion at an optimal 
level of variability [15]. We note that actin also exhibited a similar behavior in that there 
was a specific level of variability or noise at which its mRNA production was maximally 
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reduced. Such variability- or noise-enhanced signaling is similar to the phenomenon 
known as stochastic resonance that occurs in nonlinear systems where the addition of 
noise to the input signal can result in the amplification of the output [107], [108]. 
Stochastic resonance has been implicated in various biological phenomena [15], [109]–
[112].  We speculate that physiological levels of variability must be optimal in some 
sense for the functioning of the cell or its components within its native mechanical and 
biochemical environment. Since the biochemical environment includes the composition 
of the ECM whereas the mechanical environment is a function of the organization of the 
ECM, our results are likely specific to the cell type and construct composition used. 
With regard to the possible mechanisms of how variability around a mean level of 
stretch can influence signaling, we note the following. Even though this preliminary 
investigation did not allow us to reveal the detailed signaling mechanism by which 
variability in stretch regulates mRNA production of the proteins tested here, it is certainly 
true that signal transduction pathways are invariably nonlinear due to feedbacks in the 
reaction networks and Michaelis-Menten kinetics [143]. As cells adhere to the ECM via 
cell surface receptors such as integrins, the stretch of the ECM fibers generates force in 
the integrins which is transmitted through various focal adhesion proteins to the actin 
cytoskeleton [144]. Because of the complex structure of the focal adhesion and the 
network organization of the actin, this mechanical transmission pathway is nonlinear. 
While it is not known exactly how and where these mechanical signals are transduced 
into chemical signals, up regulation or down regulation of mRNA requires a certain 
threshold stimulus mostly due to feedback from the output to some components of the 
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pathway itself perhaps through the NF-κB pathway [145]. Such threshold phenomena are 
inherently nonlinear. Depending on the specific pathway nonlinearities for a given 
molecule, the occasional larger than average stretch amplitudes can overcome the 
thresholds associated with that pathway and if this occurs a sufficient number of times, 
the baseline signal transduction generated by the monotonous sinusoidal stretching will 
be altered. Thus, the specific responses that we see in the various signal transduction 
pathways should depend on the specific nonlinearities in these pathways, the mean level 
and the variability of stretch as well as the total time of stretching.  
It is also possible that due to the viscoelastic nature of both the cell and the ECM, 
different strain rates could generate different tensile forces on the focal adhesions that in 
turn could affect the final mRNA expression through the nonlinearities of the pathway. In 
our case, the time period of a given sinusoidal was proportional to the amplitude and 
hence the strain rate was constant for different cycles and across all variabilities.  The 
strain rate was kept constant in order to avoid possible effects of increasing strain rate on 
mRNA expression, which we did not study specifically.   
Considering that a broad range of cell types experience irregular mechanical 
stimuli, it is important to investigate the effects of variability on various cell functions. 
Our results demonstrate that the addition of variability can cause cells to alter their 
mRNA production for key molecules when compared to regular cyclic stretch.  
Furthermore, the specific effects of variability appear to differ among the different 
molecules studied. Depending on how lasting these effects are, it may thus be possible to 
differentially control cell function simply by adding variability to the stretching stimulus. 
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This finding can have implications for future studies in mechanotransduction as well as 
tissue engineering.  If, for example, cells can be stimulated to produce more collagen and 
LOX at different variabilities it may be possible to control the stiffness of tissue 
engineered constructs while other signal transduction pathways are not influenced. 
Likewise, physiological levels of variability may influence many other cell functions that 
warrants exploring in future experiments related to mechanotransduction.   
  123 
A1.5 Figures 
 
Figure A1-1. Schematic of uniaxial six-well stretcher. 
Top view (A) of the stretcher design in a CAD program.  The device consists of a linear 
actuator attached to a linear guide and a plate containing six wells.  The tissue sample is 
clamped on both sides using stainless steel clamps and is placed inside the wells (B).  On 
one side the clamps attach to stationary rods while on the other the rods are attached to 
the linear guide which controls their position.  The position of the rods is computer 
controlled via the linear actuator and a custom built Labview program.   
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Figure A1-2. Calibration of uniaxial stretching device. 
The distance traveled by the linear guide is plotted against the prescribed travel distance 
and fit with a linear relationship (a).  The frequency dependence of travel is shown for the 
maximum travel distance of the linear guide (b).  The sinusoidal travel of the linear guide 
is shown before (solid line) and after (circles) 3 h of stretch (c).   
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Figure A1-3. Relative mRNA expression of collagen 1α and LOX during variable 
stretch. 
Relative mRNA expression for collagen 1α and lysyl oxidase at 25%, 50% and 75% 
variability, normalized to the 0% variability condition.  Both collagen 1α and lysyl 
oxidase show a statistically significant difference among the groups with p = 0.033 and p 
= 0.034 respectively. 
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Figure A1-4. Relative mRNA expression of α-actin and VEGF during variable 
stretch. 
Relative mRNA expression for α-actin and VEGF at 25%, 50% and 75% variability, 
normalized to the 0% variability condition.  α-actin shows a statistically significant 
difference among the treatment groups (p = 0.039), while VEGF does not (p = 0.066).   
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Figure A1-5. Relative mRNA expression of syndecan-4, β1 integrin and β3 integrin 
during variable stretch. 
Relative mRNA expression for syndecan-4, β1 integrin and β3 integrin at 25%, 50% and 
75% variability, normalized to the 0% variability condition.  Syndecan-4 mRNA levels 
are statistically significant (p < 0.001), while β1 integrin and β3 integrin do not show a 
significant difference (p = 0.075 and p = 0.260 respectively).  
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